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~usual1y under 0.1 mm in diameter with the majority less than 0.05 corn across.
During the formation of these pits , it appears that no material was removed
from the surface . Using the pure annealed aluminum test probe , a sufficient
damage sample could be generated in a relatively short period of time .

It was observed that the velocity had a marked effect upon the ra è o~N.
damage production . For a range of velocities from 14.9 to 59.3 rn/see,
the damage and pitting ‘ates increased by approximately the sixth power of )
velocity. This result is In agreement with the observations of R. T. Knapp
which were first reported in 1955. The velocity also affected the sizes of
the individual damage pits. Tue average volume of the pits increased by
the fifth power of velocity. Since the volume of each pit is a tueasure of
the energy required to form the pit, the average collapse energy absorbed
increases by the fifth power of velocity. A relationship between the pit
volume and the absorbed collapse energy was obtained by performing a dynamic
hardness test on the model material. If the pitting rate increases by the
sixth power of velocity, and the average collapse energy absorbed per pit
increases by the fifth power, then the rate of total damage energy absorbed
by the model increases by the eleventh power. A plot of the distribution
of absorbed collapse energies was also generated for three flow conditions.

It was observed that the cavity length and air content also affected
the damage rates. There was almost no damage to the models for very short
cavity lengths. The damage rate increased with cavity length, reached
a peak, and then slowly decreased for longer cavities. This tendency has
been observed by other investigators. For a doubling of the air content
from 10 to 20 ppm , the rate of damage production was reduced by nearly
fifty percent.

From high—speed movies of the cavity behavior , it was observed that
the cavity regularly breaks off from the model surface. This is due to a
reentrant jet moving through the cavity and striking the cavity leading edge.
On many of the models, pitting was observed near the leading edge. It is
felt that this could be a result of the reentrant jet behavior. When the
jet strikes the cavity wall, it creates a short—term pressure rise, causing
local cavitation bubbles to collapse. If the collapsing bubbles are near
the model surface, damage to the model could occur.

The effect of cavitation upon the rate of corrosion of aluminum
was not fully explored. General observations showed a strong relationship
between the cavitation and corrosion, with cavitation tending to increase
the corrosion rate. For observations of the corrosion damage and cavitation
pitting, the scanning electron microscope proved to be a most useful tool.
Clear views of the damage were obtained with the large depth of field
possible at high magnifications.

In general, the results of this investigation compared favorably with the
results of other investigations. The sixth power damage rate law and the
actual damage rates involved showed good agreement with three other investiga-
tions. The interesting feature of this comparison is the fact that even though
the size and shape of the models used in each of the four investigations were
significantly different , the observed damage rates were approximately equal
at the same velocity. I
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CHAPTER I

INTRODUCT ION

1.1 Nature of the Cavitation Damage Problem

The destr uctive action caused by cavitation has long been a

practical problem . This problem first became of major concern at the

turn of the century with efforts to improve the performance of marine

propellers and hydraulic turbines . Severe erosion of the propellers

on the l iners  Lusi tanla  and Mauretania (l)* prompted the creation of a

special comm ission by the Bri tish Admiral ty to investigate the problem .

I t was de term ined that the damage was the resul t o f repea ted “hydra u l ic

bl ows ” accompany ing the collapse of cavities.

Since the turn of the century , studies of cavitation damage have

not been confined to ship ’s propellers . Ship hull append ages , diesel

cyl inder liners , pump impellers , hydrofoils , valves and even the sluice

gates on hydr oelec tric power dams are a few examples where cavitation

erosion has been a problem .

Ac curate prediction of cavitation damage is very difficult. After

nearly 100 years of research in cavitation , the problem of scaling

model damage data to prototype conditions is unsolved . It is not that

there has been a lack of study in this area , for the literature dealing

with this subject is voluminous to say the least. Rather , the lack of

success is due to the fact tha t cavitation damage involves both fluid

and solid mechanics and thus is inherently difficult.

*Numbers in parenthesis refer to documents in references.
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The attack caused by the collapse of one cavitation bubble occurs

over a very small area (on the order of hundredths of a square

m i l l i m e t e r )  and in a very  short  t i m e  i n t e r v a l  (measured in m i c r o s e c o n d s ) .

Both the hydrodynam ic aspects of the cavity flow and the material

response to the impact loading caused by the cavity collapse must be

considered . The problem is further comp licated by possible interactions

between cavitation and corrosion .

Cavitation damage is influenced by many var iables .  Flow v e l o c i t y,

cavitation index , model size , model shape , and the air content of the

liquid all may affec t the damage production to vary ing degrees .

This investigation was intended to study the hydrodynamic aspec ts

of cavitation damage and the effect of alteration of the flow parameters

upon the damage to a model. Many cavitation damage studies have been

conducted In nonflow systems employ ing a vibratory apparatus . However ,

this stud y was conduc ted in a flowing system in order to more closely

approx imate  real engineering s i tua t ions .

1.2 Objectives and Scope of the Investigation

This i nves t i ga t i on  has focused on the  i n i t i a l  stages of c av i t a t i on

erosion using a ductile material , namely pure aluminum , in a flowing

sys tem employing water  as the working fl uid . It is not a study of the

erosion of a luminum , but the  aluminum was used as a device for  recording

the intensity of each cavitation bubble collapse. The damage to the

s u r f a c e  of a d u c t i l e  mater ia l  is in i t i a l ly  in the form of small

indentations in which no material is removed . The name most often

given to this regime of cavitation damage is the “incubation zone” as

named by Thiruvengadam (2). It has been shown (3) that , in the

_______ -- — - — - —.———-——- - . . . - — —  — .-~~~~~—- - -— — f l  —-
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incubation zone , each indentat ion is produced by the  col lapse of one

c a v i t a t i o n  bubb le .  There is then a one—to—one correspondence between

the bubble collapse and the damage thereby produced .

If the duration of exposure to cavitation is increased past the

i n c u b a t i o n  zone , weight loss will occur . In most previous investi-

gations , cavitation damage has been assessed by the rate of weight loss.

However, in the weight loss zone , there is no one—to—one correspondence

between damage and a single bubble collapse as in the incubation zone .

In the weight loss zone, damage can be caused by hydrodynamic blows of

many bubb les .  Fur thermore , the problem is further comp licated in this

zone by possible in te rac t ions  between cavi ta t ion  erosion and corrosion .

Because of t he  aforement ioned complexi t ies  of the weight  loss zone , i t

was decided that this investigation should be conducted in the

incubation zone where there is a one—to—one correspondence between

cavitation damage and the collapse of a single bubble.

The major goal of the investigation was to observe the effect of

velocity, cavity length , and air content on the rate of cavitation

damage in the incubation zone with velocity as the primary variable.

It has been shown by Knapp (3) that the rate of cavitation damage in

the form of small indentations in a model’s surface increases with the

sixth power of velocity. Knapp ’s study was conduc ted over a relatively

narrow velocity range (-.18 to 30.5 rn/see). A much larger range of

velocities (14.9 to 59.3 m/sec) was employed for this investigation .

The number of pi ts produced on a model’s surface can be used as a

measure of cavitation damage . However , the size of the individual pits

should also be considered . By knowing both the number and volume of

the pits a more complete assessment of damage is possible.

_ _ _ _ _  -~~~~~ - - - ----- - - - -“.. - --
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The volume of each indentation in the surface is proportional to

the cavitation bubble collapse energy absorbed by the model. By

recording both numbers and vo l umes of the Indentations , a rela ti ve

measure of t h e  t o t a l  c o l l a p s e  energy absorbed Is known . The change in

the rate of total collapse energy absorbed per second with velocity

was investi gated. It was necessary to relate the volume of each

cavitation damage pit to the energy of formation . A hardness test

which measures  the  s u r f a c e  hardness  of the  model m a t e r i a l  at  a h igh

str ain rate , termed a dynamic hardness test , was dev ised for this

purpose. The determination of the surface hardness at a high strain

rate would more closely approximate the conditions encountered during

the production of a cavitation p it. A static hardness test could not

do t h i s .

The model u t i l i z e d  in the  course of th i s  In v e s t i g a t i o n  was a

0.635 cm diameter zero—caliber ogive with the area of the model subject

to cavitation damage constructed of annealed 1100 aluminum . The damage

was assessed with the use of an optical and a scanning electron

microscope. A hi gh speed photographic study was also undertaken to

observe cavity dynamics.

1.3 Summary of Previous Investigations

A classic paper on the subject of cavitation damage is that by

Knapp (3) in 1955. Knapp investigated the cavity flow and cavitation

damage on a 5.08 cm diameter hemispherical—nosed body . The damage was

In the form of small indentations in the surface of the test body made

of commercially pure annealed aluminum . Knapp reasoned that , since the

test body is very soft , even bubbles with fairly limited “collapse

- - ---- - - --. --
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energy ” would  d e f o r m  the  s u r f a c e .  Knapp noted t h a t  f o r  a c o n s t a n t

c a v i ty  length , i . e . , c a v i t a t i o n  number ( a ) ,  the  rate of pit formation

per unit area increased with the sixth power of velocity .

From hi s study of developed cavitites , Knapp observed that the

wal l  of the cavit y was actually comprised of numerous traveling

cavitat ion bubbles swept along the cavity w a l l .  Knapp attributed the

damage to the collapse of these traveling cavities. More recent studies

(4,~~) of the pitting rate on an annealed aluminum body tend to confirm

the sixth power variation with velocity. Preliminary tests of

cavitation damage due to the flow over a 0.635 cm high step mismatch

were conduc ted at the Garfield Thomas Water Tunnel by Hackworth and

Arndt  (4). They found that the pitting rate very closely followed

Kn app ’s da ta over a range of veloci ty 16.8 to 21.3 m/sec . Tests

conducted in Japan at the Department of Naval Architecture of Tokyo

University by R. Sato , H. Kato , and S. Tamiya (5) over a wider range of

velo cities , namely , 30 to 70 m/sec , also indicated that the p itting rate

varied with the sixth power of velocity. The test body utilized in the

tests of Sato et al. was a 1 cm diameter hemispherical—n osed body .

In all of the aforementioned studies (3,4,5), not only was the

velocity power law confirmed , but the magnitude of the pitting rate

remained nearly constant at a given velocity over variation in model

size and geometry . For these investigations , the measure of damage was

in the form of indentations of the surface where no material has been

removed . Other investigations have been conducted in the weight loss

zone where the rate of cavitation damage was measured by the rate of

weight loss. Kerr and Rosenberg (6) measured the rate of weight loss

of r ad ioac t ive  paint  in a t u r b i n e  and showed tha t it increased w i t h

_ _  ~*~~~~-- - ---- -.-- - -- --~~~~ - —--- -
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p
t h e  11 1th power of velocity. Thi ruvengadam (7) showed a sixth

power law for the rate of we i ght lost due to cavitation damage on a

rotating hydrofoil.

N ’t all Investigations in the weig ht loss zone have obtained the

same velocit y power law . Rasmussen (8) measured the erosion of a

circular cylinder placed downstream of a two—dimensional venturi. He

found that the rate of damage increased with velocity , attained a

max imum value and then decreased for higher velocities . In the case

of cavitation damage in a rotating disk apparatus , he reported that

the damage increased linearly with velocity. Thiruvengadam (9), also

using a rotating disk appara tus, observed an increase and then a

decrease in the damage rate with velocity. One possible explanation

for these discrepancies is that the investigators failed to conduc t the

investigations at a constant cavitation number. Shal ’nev (10) has

shown that , at constant velocity, the damage rate varies in a nonlinear

way with cavitation number. The damage rate reaches a peak value at

a given cavitation number and then decreases with further lowering of

t h i s  pa r ame te r .  Secondl y ,  for  the  case of the  r o t a t i n g  disk , the f low

around such an object is hi ghly complex and uncertain. This could

possibly a f f e c t  the  damage ra te .  Also , since these inves t iga t ions  were

conducted in the weight loss regime , there is the possibility of

weight loss by cavitation—corrosion interactions .

The subject of cavitation damage scaling constitutes only a small

part of the literature. Theoretical and experimental studies of

bubble dynamics aid in the determination of the mechanism of damage .

Many studies have been devoted to the classification of materials

according to the relative resistance to cavitation damage and most of

_ _ _  -- — - -~~~~~~~~~~~~~~~~~~~~~~~~_
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these studies have been conducted with the magnetostrictive device.

A l t h o u g h  t h i s  device only vaguely  appr ox ima tes  the  cond i t ions  in a

flowing system , its low cost and rap id rates o f damage have made it the

most w ide ly  used tool .  However , there have been some s tud ies  of the

relative resistance of materials to cavitation damage in a flowing

system . See, for example , the studies conducted by Mousson (11) with a

ventur i device. With the enormous amount of time and money spent in

the study of all phases of cavitation damage , the problem of predicting

the damage to a prototype is yet unsolved .



CHAPTER I I

DESCRIPTION OF THE INVESTIGATION

..~.l P lan  of the Investigation

The water  tunne l  t e s t i ng  was divided into th ree  main phases .  The

i n i t i a l  phase was conducted in the 30.5 cm cavitation tunnel , while

phases two and th ree  were in the  3.8 ultra—hi gh—speed cavitation tunnel.

Both f a c i l i t i e s  are a pa r t  of the Garfield Thomas Water Tunnel of the

App lied Research Laboratory complex at The Pennsy lvania State University.

The Phase I tests in the 30.5 cm tunnel were conducted as a

prel iminary investigation prior to testing in the high speed tunnel.

A few of the areas of interest in conducting this phase of investigation

were as follows :

1. How long should a model be run to obtain a sufficient damage sample

for analys is?

2. Does the duration of the test affect the rate at which pits are

produced?

3. Could the results be reproduced , i.e., given the same flow conditions

and test duration , would the damage be the same?

4. What form would the damage be in (large p its , small p its , dee p ,

shallow , etc.)?

The main phases of the investigation , Phases II and III , were

conducted in the 3.8 cm cavitation tunnel. All the scaling relation-

ships were developed in this tunnel. The Phase II tests were run at

high air contents while Phase III was conducted at lower gas contents.

hhi; ~h speed movies of the  cav i ty  b eh - ’ - . were also shot in t h i s  tunne l .
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The models utilized in the investigation were 0.635 cm diameter

zero—cal iber  og ives with an annealed 1100 aluminum cavi ta t ion  damage

probe. A wide range of velocities and cavity lengths were tested to

observe the e f f e c t  upon the rate  of damage p roduc t ion .  The ve loc i ty

was var ied from 14.9 to 59.3 m/sec in intervals of 7.6 m/sec . The

cavity length was expressed in nondimensional form by divid ing the

length of the cavity by the model diameter (L/D). The range of

dimensionless cav ity lengths was 1.0 to 6.0.

This corresponds to a change in the cavitation number (a) from

0.625 to 0.316 , where a is defined as

—

0 =  
2 

(1)
1/2 

~L 
V

where is the free stream static pressure , 
~C 

is the cavity pressure,

is the mass density of the liquid , and is the free stream velocity .

A plot of a vs LID obtained from Reference 12 is presented in Figure 1.

The air content of the water was varied from 10 to 20 parts per million

(ppm) on a molar basis to test its effect upon the damage . For each

test , a new mod el was machined and annealed to retain a permanent

record of the accumulated damage .

An impor tant  r equ i rement  had to be met in order tha t  the analysis

be valid . The damage rate for a given flow condition had to be

independent of the test duration . At first , this would seem logical

since , if the flow conditions did not change , it would be expected

that there would be twice as many pits for a two—hour test as for a

one-hour test. This would probably not be the case though if the

number density of pits became so great as to overlap . Annealed pure
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aluminum is mat erial susceptible to work hardening. If a bubble

col lagses m d  produces an indentati on , the surface is deformed and work

h a r d e ne d .  If itto t her bubble collapses in the same a r e a  with the same

en irgv , i t  wi 1 see ” m g r e a t e r  stir I ace hardness due to t h e  work

harden i t i g .  The resulting deformation will then be less for the same

I flg i c  t energy

(are ‘~ is taken by a s u i t a b l e  choice  of t e s t  d u r a t i o n  to insure

t h a t  t h e  p its were in sufficient density for ease of analysis , hut not

so i-lose as to  o v e r l a p .  A specia l  tes t  was conduc ted  d u r i n g  Phase I

t o  determine whether , in fact , t h e  damage r a t e  was independen t  of test

d u r a t i o n .

The damage was anal yzed with an optical microscope , measuring t h e

number and diameter distribution of the pits. As mentioned prev ious ly .

the volume of a cavitation p it is a measure of the bubble co l l apse

energy absorbed . A t e c h n i que for measurin-~ the volumes of the  p i t s  was

also developed . The p i t s  w i - r i  assumed to  he s p h e r i c a l  segments to aid

in  the  volume computation. From the volume of each p it , an e s t i m a t i o n

of t he  t o t a l  energy r e q u i r e d  i i  f o r m  i t  c o u l d  be made .  The m a t e r i a l

p r o ; n - r t  ~‘ of t h e  a l u m i n u m  that would g ive  the closes t  measurement of

this energy for a given i n d e n t a t  ion volume is a s u r f  ice  h a r d n e s s

measurement. ~te~~t h a r d n e s s  tests t h o u g h ire conducted it  ii earl v i zero

strain rate , but in the formation of a ca vi t a t i o n p it , the strain rates

Involved are very hi gh. To ic c omint for this n e t  , a surta &-e hardness

meas ir~ ment at a high strain rate is required . To approximat e this

conditi on , a dynamic hardness test was devised (Append ix  A ) .  From

these meas rements of the dynamic hardness of the 1100—0 aluminum , an
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4
approximate measure  of  the n e r g v  r equ  i r ed  to  f o r m  a g iven  p i t  was

obt i m e d

Knowing time rate of p i t  p r o d u c t  ion , t it e average  p f t  vol  ume f or  a

g iven  f l o w  c o n d it  ion  m d  t he  dynamic hardness of the model material , a

scaling relationship h e t w e e n  the  v e l o c i t y  and c a v i t a t i o n  b u b b l e  co l l apse

en er g \ -  absorbed was developed . T h i s  was probably the most important

i i ~~. s i-  of t ile i n v e st i g a t i o n , s ince  i t  i n v o l v e d  a s c a l i n g  of the  tot ;tl

damage (and damage p o t e n t  ha l e n e r g y )  on a o n e — t o — o n e  c or r e s p o n d e n c e

w i t h  t he  b u b b l e  coll apse .

Since the  m a t e r i a l  u t i l i z e d  as the damage probe was so very soft ,

even a cavitation bubble with relatively low collapse energy will cause

an i n d e n t a t i o n  in t he  s u r f a c e .  The o b s e r v a t i o n  of a wide  range of

e n e r g ie s  is then p o s s i b l e .  The co l l apse  energy  d i s t r i b u t i o n  fo r  the

s I : ~e f low c o n d i t i o n s  w i l l  r emain  unchanged i r re sp e c t i v e  of the  t e s t

body m a t e r i a l ;  o n l y  the  r e sp o n s e  of v a r i o u s  t es t  m a t e r i a l s  to t he

a p p l i e d  hy d r o d y n a m i c  f o r c e s  w i l l  change . 1 u s  i t s e l f  i s  most h e l p f u l

in an under~ t and i og ol  the processes involved in the  si u d v  ol cavitation

(1. i m l

An opt  ical  m i c r o s c o p e  p rovides  a s u f f i c i e n t  magn i f  i ca t  ion and

d e p t h  of f i e l d  f o r  g& n € r & l  a n a l y s i s  of  the  damage , but for a clearer

view of the Individual pit s , another type of i n s t r u m e n t  is r e q u i r e d .

The -o i n n i n g  e l e c t r o n  micro scope (SEM) , Ap pend i x B , provides both high

m a g n i f i c a t i o n  capabilities with large depth tI field not  poss ib l e  w i t h

norma l o p t i c a l  n e t h o d s .  Ind iv idua l  p i ts  were observed and p h o t o g r a p h e d

w i t h  the use of  a SU~d fo r  a b i t t e r  view of t he  damage . O b s e r v a t i o n s  of

t h e  p i t s  c o u l d  p r o v i d e  some i n d i c a t i o n  as to the mechan i sm of formation.
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Even at th is t ime , the actual mechanism of cavitation damage is not

known f o r  c e r t a i n  (Append ix  C ) .

A further study was conducted involving the dynamics of the

devel oped cavity on the test body with the use of hi gh speed

cinematograph y . This was done to possibly correlate the observed

mechanics of the cavity and the damage produced .

2 Water Tunnel Facilities

Two continuous circuit water tunnels were utilized in the course

of this investigation. The Phase I tests were conducted in a med ium

velocity tunnel at velocities up to 21.3 n/sec in a 30.5 cm circular

test section. Extensive degassing equipment is available which allows

variation of the total gas content. A more detailed description of

th is facility may be found in References 13 and 14.

The primary test facility for this investigation was the ultra-

high—speed cavitation tunnel which was designed and constructed under

N ASA sponsorship, shown in Figure 2 and descr ibed  in R e f e r e n c e  15.

This facility which has a test section diameter of 3.8 cm ~s capable  of

speeds on the order of 92 m/sec while maintaining a stagnation pressure

of over 8.3 x JQ 6 pascals. The tunne l is constructed almost entirel y

of stainless steel with the exception of the bronze centrifugal pump

and a plexiglass test section used for all photographic work.

Pressurizing of the tunnel system is accomplished with the use of a

n i t r o g e n  p r e s s u r i z e d  a c c u m u ls to r  tank  ~nd a t r i p lex p ump . A vacuum

system for deaerat ion of the tunnel water was constructed for the

Phase I I I  t e s t s .
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Two test sections were emp loyed in the investiga t ion in the h i g h

v e l o c i t y  tunnel. The first was a Type 416 stainless steel test section

capable of hi gh pre;sures and was used for all damage tests. The

second was  a plexiglass t e s t  section which as stated previously was

used for all high speed photographic work. Since the p lexi glass test

section is cy lindrical , there was difficulty in photograp hing the model

due to distortion . To alleviate this problem , a p lexiglass photographic

bwc , Figure 3, with parallel windows was constructed around the test

section. The box was filled with water , wh ich has nearly the : :me

index of refraction as plexiglass , to eliminate the image distortion .

2 . 3  Model Design and Construction

The model geometry used throughout the course of this investigation

was a O.f 3  cm diameter zero—caliber ogive , a blunt body with sharp

edges. ‘ll ìc cavitation dama ge probe (area of model in which the damage

is to be measured)  was made of 1100—F aluminum . This type  of a luminum

is  ~~ pure  w i t h  the remaining percentage composed of iron , s i li con

and copper w i t h  trace amounts of zinc and manganese. The number 1100

is the alloy distinction (99% pure) and the letter following the

number is the temper designation . For this case , F means as fabricated

or no hea t treatment in the stock material. All the test probes were

fabricated from the same stock to eliminate any possibility of

v ar i a t i o n s  in alloy content. Three model designs were employed in the

tes t  programs . Sketches  and p hotographs  of these models are shown in

Figures 4a, 4h , 4c and 5.

Jh e nine models for the 30.5 cm tunne l tests , Phase I, were

constructed entirely of aluminum , Figure 4a, wi th the surface fin ish
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machined an RMS average surface roughness of 3 ~Jni . Three models were

l i f t  w i t h  t h e  machine  tool  marks and the remaining models were given

various degrees of polish. It was not known what type of surface finish

would be most conduc ive  to observation of the damage pits. Since the

a l u m i n u m  u t i l i z e d  in this investiga t ion was so soft , there was some

di  f I  i c u l t  ‘
~
‘ in o b t a i n i n g  a good po l i sh  by c o n v e n tion a l  means . (h t od

r e - o u l t ~ were obtained with the following procedure . The models were

first rubbed with a soft chamois impregnated with jewelers brown

tripo li which is a silica compound . This provided a fine satin—like

I inish on tim e models. Some of the models were polished to the sat in—

like finish whereas the other models had a finer finish. The finer

finish was obtained by rubbing the model with a chamois , this t ime

impregnated w i t h  jewelers red rouge which is a powdered hematite. After

the de sired degree of pol ish was reached , the models were annealed at

354 °C f o r  o n e — h a l f  hour u n t i l  the  models had reached a 1100—0 t emper

which is referred to as “dead” soft.

After the initial phase of testing , it was observed that the

leading edge contour of the all aluminum models was deformed at

velocities above 19.8 m/sec. Since this alters the flow field and may

have an effect upon the damage rate , a new model was designed for the

Phase II and III tests in the 3.8 cm water tunnel , Figure 4b. A Type

316 stainless steel tip was fabricated which could screw into the

f orwa rd portion of the aluminum damage probe. The stainless steel is

much more durable than the aluminum and would not deform at the highes t

test velocities. The portion of the tip exposed to the cavitation was

made is small as possible , 1.27 mm , so that the maximum area over which
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the cav i ty  extended would be a luminum and thereby suscept ib le  to

cav itation erosion.

All models for Phases II and III were pol ished , since the Phase I

tests indicated that pit observation was easier on polished surfaces.

The procedures  for  polishing and annealing the models were the same as

employed in Phase I.

One further modification was made in the model design dur ing the

course of the investigation. At very hi gh velocities , above 45 m/sec ,

the models would bend slightly about the thinnest part of the model

(threaded section) due to the dynamic force of the water . It was

feared tha t  at higher velocities, a model could break o f f  at the weak

point. For these velocities , a shortened aluminum model was made,

Figure 4c , which would reduce the moment about the junction point . A

stainless steel tip was used as in the other tests, and a 3.3 cm long

stainless steel afterbody was also constructed . The function of the

afterbody was to ensure that the leading edge of the model for these

tests was at the same axial position in the tunnel test section as the

previous models.

2.4 Water Tunnel Test Procedures

The Phase I testing was conducted in the 30.5 cm cavitation

facility. The maximum velocity of the tunnel is approximately 25 rn/sec

and it was not known if a s u f f i c i e n t  damage sample could be obtained in

a reasonable test duration. A run time of 30 minutes was chosen for

a velocity of 21.3 rn/sec and a cavity length of L/D”2.0. This proved

to be a reasonable test duration for the given conditions since there

was a sufficient number of pits for analysis without the pits

overlapping . Seven other models were tested in this series with the

_ _  --.- — .-. --
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the cavi ty  extended would be aluminum and thereby susceptible to

cavitation erosion.

All models for Phases II and III were polished , since the Phase I

tests indicated that pit observation was easier on polished surfaces .

The procedures for polishing and annealing the models were the same as

employed in Phase I .

One f u r t h e r  m o d i f i c a t i o n  was made in the model desi gn d u r i n g  the

course of the investigation. At very hi gh velocities , above 45 m/sec ,

the models would bend slightly about the thinnest part of the model

(threaded section) due to the dynamic force of the water . It was

feared that at higher velocities , a model could break off at the weak

point. For these velocities , a shortened aluminum model was made,

Figure 4c , which would reduce the moment about the junction point . A

stainless steel tip was used as in the other tests , and a 3.3 cm long

stainless steel afterbody was also constructed . The function of the

afterbody was to ensure that the leading edge of the model for these

tests was at the same axial position in the tunnel test section as the

previous rnode lc .

2.4 Water Tunnel Test Procedures

The Phase I testing was conducted in the 30.5 cm cavitation

facility. The maximum velocity of the tunnel is approximately 25 rn/sec

and it was not known if a sufficient damage sample could be obtained in

a reasonable test duration. A run time of 30 minutes was chosen for

a velocity of 21.3 rn/sec and a cavity length of L/D—2.0. This proved

to be a reasonable test duration for the given conditions since there

was a sufficient number of pits for analysis without the pits

overlapping . Seven other models were tested in this series with the
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flow conditions specified in Table I. Air content readings were not

t aken  it this time but the air content was estimated to be quite low .

The source of water for this facility is a reservoir shared with t h e

1.22 m water tunnel , with the inlet pipe drawing from the bottom of

the reservoir. During these tests , there was a study being conducted in

the 1.22 m tunnel at low air contents . It is probable that the

reservoir water and , hence , the  wa te r  f o r  Phase I t e s t s  was p a r t i a l l y

deaera ted .

The tes t  pa r amete r s  fo r  Phase I I  and I I I  tests are presented in

Table I I .  There were two separate testing procedures for the tests

conducted  in the u l t r a — h i gh—speed w a t e r  t unne l .  Phase II procedures

were f o r  the  high air content tests (—20 ppm) and Phase III procedures

f o r  the  low air  c o n t e n t s  (— 10 ppm) . For the Phase II  t e s t s , the  tunnel

pressure  was ra ised to the  point  where the  desired cavi ty length would

occur at the required velocity . These values were obtained from

prev ious  c a l i b r a t i o n  runs . The tunne l  i nv e r t e r  was p laced on standby

and the potentiometer set for the test velocity . The inverter was then

put on the line which automatically raised the velocity in the tunnel

to the desired revel . As the velocity neared the test velocity , the

cav ity on the model would grow until it reached the predetermined value

at stable cond itions. A stopwatch used for the measurement of the test

duration was started after stable cnnditions were reached .

During each test , the tunnel stagnation pressure 1 water temperature ,

and the pressure in the test section at a point just upstream of the

model were measured . The test section velocity was obtained from the

measured temperature and pressures. For the longer tests , two values

of the water temperature were taken . At the end of the desired run

- - ----—- - - - .  —- --
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t i m e  f o r  each t es t , t he  tunne l  d r ive  s y s t e m  was q u i c k l y  s h u t  down .

D u r i n g  each t e s t , the  c a v i t y  l e n g t h  was held cons tan t  b y obse rv ing  a

reference mark scribed on the model surface.

The procedures for conducting Phase III tests were similar to

t h o s e  fo r  Phase  T I .  One excep t ion  be ing  t ha t , in Phase I I I , the tunnel

water was  deaerated for approximatel y 2 hours until the air content

level  v m s  near  10 ppm . D u r i n g  t h e  s h o r t e r  t es t s , at h igher velocities ,

t h e  a i r  c o n t e n t  was measured a t  the  end of the t e s t .  For longer runs ,

the  air content was measured at the beg inn ing and end of the  t es t  and

an average value was recorded . All air content measurements were made

with a Van Sly ke apparatus .

For Phase III , the vel ocity range was extended up to 5 9 . 3  n/sec .

l)urlng a portion of the transient startup period during which the

velocity was increasing to the test velocity, cavitation occurred on

the  model r e s u l t i n g  in some accumula t ion  of damage . The ac tua l  damage

r a t e  at  an\~ instant would depend upon the veloc ity and cav ity length .-mt

that t ime . For cases where damage accumulated during the transition

period could be significant , an adjustment in the measured pitting

density was made for the calculation of the damage rate. This was

necessary for tests at the high velocities where the test durations

were very short . At these conditions , the accumula ted damage durin g

the transient period could constitute a sizable percentage of the total

damage to the model. The procedure for making this adjustment for the

damage rate is exp lained in Appendix D.
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2 . 5  A n a l v s  i s  of Damage w i t h  t h e  M i c r o s c o p e

The main instrument utilized In the analysis of  the damage was an

Am e r i c a n  Opt  i c i l  M i c r o s t a r  s e r i e s  l i g h t m i c r o s c o p e .  A Bausch and Lomb

i l l u m i n a t o r  p r o v i d e d  m b r i g h t  c o l l i m a t e d  l i ght  source  fo r  v i e w i n g  the

shallow cavitation p its . The i l l u m i n a t o r  was p l a c e d  a t  a ve ry  low

lighting angle for bes t  c o n t o u r  d i s t i n c t i o n .

Time m na lv s is of the damage for the Phase I models differed

s l i g h t l y  f r o m  t h a t  of Phases II and III. The damage t i m  t i m e  I n i t i a l

t est models , i.e., those employed in Phase I was measured along a

narrow stri p parallel to the model ’s axis of symmetry from the leading

edge to a point where the damage approached zero , FIgure 6. This

strip was divided into equa l reference areas of 0.1016 mm by 1.016 mm.

T h i s  r e f e r e n c e  area was chosen s i n c e  i t  corresponded to the  m a r k i n g s  on

t im ,. retic le scale used in the microscope at the v i e w i n g  m a g n i f i c a t i o n ,

150 X. The number of pits in each reference area along the surface

was recorded . Since these areas were quite small , axial stri ps at

three different circumferential locations were chosen for analysis to

provide a better samp ling. Thus , at each axial station along the

model , th ere would be a data point indicating the number of p its in

the sample area. The pit distribution along the model could be

converted into a damage rate distribution by calculating the number of

p its per square centimeter at any point and dividing by the total test

duration. The average damage rate for any area on the model , such as

the maximum damage zone, could then be calculated . In this analysis ,

p it diameters greater than or equal to 0.01 mm were recorded .

The damage analysis for the investigation in the 3.8 cm tunnel ,

i.e., Phases II and III , was similar to that employed in Phase I with
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some modifications . After the Phase I tests , it was determined that

pit counting at 100 X provided a better view than at 150 X. At the

greater magnification , the depth of field is smaller and the p its are

slightly blurred . Since these indentations are very shallow with

indistinct boundaries , the blurred image makes observation more

d i f f i c u l t  and could increase the possibility of overlooking some of

the smal le r  p i t s .

The reference area for each sampling in Phases II and III was

increased to 0.508 mm by 1.016 mm with each station taken along the

model in 0.508 mm steps , Figure 7. This was done for simplification

of analysis by providing a larger reference area and would have little

e f f e c t  upon the  r e su l t s .  I t  was also determined that  the anal ys is of

one strip along the model contained a sufficient damage sample. Since

the models for the Phase II and I I I  tests had the stainless steel tip,

the damage analysis of the model would begin at a point 1.27 mm down-

stream of the leading edge . Again, pits down to approximately 0.01 mm

diameter were counted .

2.6 Photomicrqg raphy

For a permanent record , sections of the models showing the damage

were photograp hed . For an overall view of the total damage to a model ,

photographs were taken with a Nikkorma t camera. An extension bellows

with a 55 mm lens was used to obtain the desired magnification . Kodak

High Speed Ektachrome , Plus—X and Tri—X films were used for these

p h o t o g r a p h s .  For a record at higher magnifications , photographs were

taken through the microscope . An Edmund Scientific No. 41,100 and “T”

adapters were used for connection of the microscope to the Nikkormat
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camera. Also , a 4 x 5 Polaroid Pack camera designed for use with the

American Optical microscope was used . Most photomicrography was

accomplished at magnifications of 100 X to 150 X for best definition of

the p its.

2.7 Scanning Electron Microscope

During the course of the investi gation , a much clearer view of

individual p its than could be obtained with ordinary optical means was

desired . A most useful tool for the observation of the p its was the

scanning electron microscope (SEM). The SEM provides a closeup view of

the damage due to high magnifications together with depths of field up

to 300 t imes that of optical methods. The relatively small amount of

specimen preparation added to its versatility. A description of the

SEM ’s operation is given in Appendix C.

There were two SEM ’s employed for this study , both of wh ich were

manufactured by the Japanese Electron Optical Laboratories (JEOL). A

JSM—SOA was used for most of the photograp hic work at magnifications

between 100 X and 3000 X. This unit has two axis control with rotation

and specimen stage tilt controls. Both secondary electron and

backscatter modes were utilized . SEM Model Number JSM—l was used

primarily for qualitative compositional analysis with an energy

dispersive X—ray detector.

2.8 Pit Volume Determination

As stated previously, one aim of this investi gat ion was the

dev elopment of a scali ng rela tionship for the bubble collap se energy

with velocity. To accomplish this , the volumes of a represen tat ive

number of cavitation pit s had to be measured . The determination of
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the pit volumes at first proved to present a problem . The vast

majorit Y of the indentations were on the order of 0.05 mm in diameter

w i t h  some as small  as 0.01 mm. In addition , the p its tended to be

ver~ shallow . Measuring the p it depths from parallax measurements of

photographs taken with the SEM proved difficult because the pits had

such an indistinct boundary and reference points for the parallax

measurements were difficult to observe.

It was noticed in the counting of the damage pits through the

microscope that the li ghting angle for viewing was critical. If the

angle was too high , there was no shadowing and the pits were not

visible. This effect was used in the calculation of the volumes of

the indentations .

As an appr oxima tion , the damage pits were assumed to be spher ical

segments . A collimated light beam illuminated the pit as shown in

Figure 8. The angle at which the ligh t strikes the surface was

adjustable. When the light beam is tangent to the side of the p it at

the rim , there wi ll be no shadow .

The individual pit was viewed w i t h  the microscope at 100 X. The

angle of the light beam was raised until there is no shadow within the

p it. By knowing this lig hti ng angle , the p it diameter and the

approximation to a spherical segment the pit vo l ume can he calculated ,

as shown in Figure 9. A large number of pits were randomly chosen and

the volumes measured using this procedure. An average pit volume for

a given model was then obtained . Pit volume measurements were made

for those models tested at a dimensionless cavity length of 3.0 at

veloc ities of 30.1 , 38.0 and 49.3 rn/sec .
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2.9 Determination of the Dynamic Hardness

t i m e  dy n a m i c  h a r d ne s s  test was m i s e d  to  o b t a i n  a re l;m t im nsh i p

bet  wcen t h e  vol mmmc of a c a v i t a t i o n  p i ! and t h e  energy r e q u  i reel to  f o rm

it.

The apparatus constructed for the dynamic hardness test was fairl y

simple as illustrated in Figure 10. An electromagnet held the indenter ,

w h i c h  was a ha rdened  steel  ba l l , a s p e c i f i e d  d i s t a n c e  above the  annealed

a l u m i n u m  samp le  on wh ich  the  tes t  was to he pe r fo rmed . When the  c u r r e n t

to the electrom agnet was shut off , the indenter would fall and a strobe

li ght flashing at the rate of 60 flashes per second illuminated the

ball throug hout its trajectory.

A camera shutter was opened when the ball started to fall. The

t r a j e c t o r y  was then  recorded a t  i n t e r v a l s  due to the  s t robe  f l a s h .  The

hail , after striking time samp le , rebounded from the surface. A

g r a d u a t e d  ru le  n e x t  to the indenter trajectory was also recorded in

the multi ple exposure. The camera shutter was closed after the motion

had s topped . The maximum p o i n t  a t  w h i c h  the  images of t h e  b a l l

o v e r l a p p e d  atter impac t  is the  rebound he igh t as i l l u s t r a t e d  in F igu re

11. Care  was taken to ad j ust the camera fi e l d  of view so that onl~ the

rebound from the surface would be recorded . This eliminated many

- e n t  u s ing  images c i  t i m e  b a l l ’ s initial fall before striking the surface.

After each drop test , the diameter of the pit in the sample surface

was measured to the nearest 0.005 mm w i t h  a m i c r o s c o p e .  By knowing the

drop height , reb ound hei ght , bal l  mass , ball diameter , and the diameter

of the p it formed by the ball , the energy per unit pit volume was

calculated . This energy per unit volume is the dynamic hardness.

Further exp lanation of the procedure for the calculation of the dynamic

_______  — -- ——- - ~~~~~- --— - —
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hardness  is given in Appendix A. Descriptions of s i m i l a r  d e v i c e s  f o r

c a t c u l i t  ing t h e  dyn a m i c  ha rdnes s  can he found in R e f e r e n c e  16 .

2 .10  Hi gh Speed P h o t o g r a p h y of  C a v i t y  O s cH  l a t  ions

Past s t u d i e s  have shown t h a t  c a v i t y  mo t ion  i s  ve ry  m m n s t e a d y fo r

deve loped c i v i t  Les. Thus , it was  d e c i d e d  t h a t  a h igh  speed s t u d y of

c a v i t y  behav io r  c o u l d  enhance the  u n d e r s t a n d i n g  of the  c a v i t a t i o n

erosion m e c h a n i s m .

There were two basic setups used in the high speed photographic

study. The first techn ique utilized transmitted li ghting or

hacklig hting where the camera and ligh t source were on the opposit e

side of the object t i he photographed . The second techni que employed

ret to -ted l i ghting in which the camera and light are on the same side

of the object. Each system had its advantages and disadvantages.

transmitt ed li g h ting makes the most efficient use of the available

ligh t but much of the flow detail is lost. On the other hand ,

r e f l e c t e d  ligh t ing shows more of the detail but requires considerable

more ligh t than backlighting .

Where general observations of t . .~ cavity fluctuations were needed ,

backlighting was used with a moderate speed film and the cy lindrical

strobe reflector. For a more detailed view of the  f l o w , r e f l e c t e d

lighting with high speed film and the parabolic strobe reflector was

used . In all cases , a framing rate of 5000 pictures per second proved

ad e q u a t e  f o r  h s t r v a t lo n  of the processes involved . See Appendix E for

further detail concerning these apparatus and procedures.

-- - - - - ~~~~~-- - - - -



CHAPTER I I I

DISCUSSIO N OF RESULTS

Li Phase I — 3 ( 1 . 5  cm Water_Tunne l Tests

As stated prev iou sl y, Phast I was conducted ms preliminar y tests

p r i o r  to the main phases of testing . The general ar els ot interest

wi re test duration , test p r o c e d u r e s , a p p e a r a n c e  of the cavitation

dama ge , and reproducibilit y of results.

In Figure 12 , it can he seen that for Model 1 , the damage starts

t rom zero at time le m ili n g edge , reaches a small peak at about 2.5 mm

d o w n s t r e a m , d e c r u i s u ~ to nearly ze ro and reaches a larger peak 11.7 mm

f rom the leading ed ge. The l a rg e r  peak co r r e s p o n d s  t i m the point of

a v i t y  c l o s u r e  on time mode l , i . e . ,  L /D ~ 2 f o r  t h i s  m o d e l .  Beyond t h i s

point , there is almost no damage .

P i t t i n g  was observed  on a l l  models exc e r t f o r  those with the very

short cavities , namel y, Models 2 and 7. All models which experienced

damage had two peaks in the damage distribution , namely , one near the

leading edge and one corresponding to the point of cavit y closure. For

the lower  velocities , the observed p itting was very low . It was also

d e t e r m i n e d  t h a t  on a polished surface , the Indentations caused by the

c a v i t a t i o n  are much more d i s t i n c t  than  for the surface t h a t  was “ot

polished.

For one model , the  p i t  d i s t r i b u t i o n  a l o n g  t i m e  model was plot t e l

and the damage  r a t e  computed . The average  damage  r a t e  f o r  Model  1 from

the leading ed ge to a point on the body where  the  damage decreases  to

n e a r l y  ~m r i  was found to be 2.67 pits /cm 2/sec . When c o n s i d e r i n g  o n l y
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the area in which the damage is a maximu~n (8.64 mm from the leading

edge to the cavity length reference mark), the average damage rate is

5.2~) p its/cm
2
/sec .

It was found that , at 21.3 m/sec and L / D  of 2.0, significant damage

was observed after only 15 mi~iutes of testing with a 30—minute run

providing a good damage sample. With longer test durations , namely ,

1 hour , the pits became so closely packed that overlapp ing commenced .

A distribution of 4000 pits/cm
2 

provided a sufficient number of p its

t~~r ease of analysis but not so many as to overlap. Knapp (3) stated

that in his investigation of damage in the incubation zone , the rate of

which pits were produced was a constant for given flow conditions . To

verif y th is statement , two tests were conducted at a constant velocity

and cavity length , but f r  different test durations . The accumulation

of damage on the  models in the maximum damage zone is shown in Figures

13 and 14. I t  is seen t h a t  the  average damage rate in terms of pits

per square  c e n t i m e t e r  per second of test duration , for these cases is

nearly t i me same . For Model 1 at a velocity of 21.3 rn/sec . a

dimensionless cavity length of 2.0, and a test duration of one—half

hour , the rate in the maximum damage zone was 5.29 pits/cm
2
/sec . For

Model 5 with the same flow conditions but  a s h o r t e r  t e s t  d u r a t i o n , the

rate was 5.22 p its/cm
2
/sec .

When th e damage to Model 1 was compared to that of Model 3 for the

same flow conditions and test duration , it was observed that the number

of p its on the two were approximatel y equal. This showed that test

r e s u l t s  could he d u p l i c a t e d .

The indentations c a u sed  by the  c a v i t a t i o n  had a wide range ol

-, i ~~~es. The largest were 0.15 mm In diapeter , the smallest about 0.01 mm

---- - --- -~~~~~~~~~~ - --- - ---
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ac ross , with the majori ty o f  t h e  p i t s  b e i n g  less than  ( 1 .0 2 5  mm in

diameter. There was no mater i a l  removed f r o m  l i e  s ur f  ace during the

f o r m a t  i o n  of these p i t s  s i n c e  the machine tool m- mrk s f r u m  m a c h i n i n g  t he

models  were v i s i b l e  over t h e  s u r f a c e of  t h e  i n d e n ta t  ions . I f  any

m at e r  ia l  had been removed , t h e r e  w o u l d  he a b r e ak  i n  t h~ tool  marks  on

the body .

In some instances , a very  few large pits where material was

removed f r o m  t h e  s u r f a c e  were  observed . The appearance of these pits

was t o t a l l y  d i f f e r e n t  f r o m  t ha t  of the  i n d e n t a t i o n  t y p e  p i t s  and ,

c on s e q u e n t l y ,  were not  counted  in the  c o m p u t a t i o n  of t he  damage r a t e .

lhese p its caused by material removal were many times larger than the

i n d e n t a t i o n  p i t s  and had a very i r r e g u l a r  shape  as shown by t he

photograph in Figure 15. An interesting fact is that none of these

pits were I c-u ted in the area of maximum damage . Around the edges of

the p its , the metal was discolored , having the appearance of corrosion

pr duic t s . If the material removal were due to a cavitation damage

fat igue failure , the pits should be located in the zone of  max i mu r r

damage , hu t  t h i s  was not  t h e  case.  Thus , this suggests that this type

of d m m m g e  was not  due to f a t i g u e  f a i l u r e  caused h ’ many col  1 mjcu ing

bubb le s . [ F u r t h e r  i n v e s t i g a t i o n  o f t h i s  t~~pe of damage was c o n d u ct e d

during the P h a s e  II and III studles.j

A n t  ti er unusual effect observed during Phase I was t h e  indentation

~~~ p itting ri~~ir t lie l ea d i n g  edge of the models. Accord ing to

lassic al theories o c i v i t i t  i o n  ml m w m g e , there should he no damage in

tim is are,. It was f e l t  that the unst e mdy ni t  ure f t h e  cavi t v behavior

ui .1 have i bearing on t h e  p rob lem . I t  w e-u I or t h is  r~~m s o n m i t  the

high speed photographic s t u d y  of cavit y dynamics was inducted.
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Knapp i n h is  r e p m m r  t on cav i  t a t  i o n  dam a g e~ made no ment  ion  c u t

p i t t i n g  on the  f o r w a r d  p o r t i o n  of t i m e  mode l .  The most l i k e l y

exp lanation for t h i s  fac t is  as f o l l o w s . Knapp  used a t es t  model

h a v i n g  a s t a i n l e s s  s t e e l  h e m i s p h e r i c a l  nose .  From sketches of the

model  geom et r \ ’  shown on page 325 of K n a p p ,  D a i l y  and Ham nm i t t  ( 1 7 ) ,  i t

is seen t h a t  t h e  s t a i n l e s s  s t ee l  p o r t i o n  e x t e n d s  in to  the  zone of

c a v i t a t i o n .  From p lo ts  of the  p i t t i n g  r a t e  a long  the  model , i t  is seen

t h a t  t h e  f i r s t  da ta  po in t  occurs approximately 5 mm downstream of the

l e a d i n g  ed ge of the  c a v i t y .  I f  the  face the stainless steel seccion

did extend into the area where leading edge damage could occur , there

would be no damage since stainless steel is far more resistant to

cavitation damage than 1100—0 aluminum .

In the course of examining the models , it was noticed that for all

models tested at 21.1 n/sec the leading edge contour had been deformed ,

but for the lower velocities , the model contour was not influenced by

testing . These two conditions are shown in Figure 16. The deformation

of the leading edge appeared to be a rim about the circumference of the

model. It was felt that this deformation was not due to the  dynamic

a c t i o n o f the water alone since the total pressure on the model face

Swas 2 . 3  x 10 pascals at 21.3 n/ sec .  This is f a r  below the  y i e l d

strength of 1100—0 aluminum . An examination of the front face of a

model indicated the presence of many grooves extending radiall y outward

from the center . Since the grooves were long and irregular in shape ,

i t  was felt that they were due to the abrasive action of impurities in

th e tunnel water striking the front face. This could be the reason for

the deformation of the leading edge . The abrasive action could push

the met ml radially outward creating a lip around the circumference of



the models. To prevent leading edge detorma ti ons , a stainless steel

t i p  was d e s i g n e d  fo r  t he  i’ i mase  I I  and I I I  t e s t s .

3.2 Classi fication of Dama ge - ‘hase I I  and III Tests

Since the distribution of p i t s  on the model Is not un i fo rm , i t

was necessary to decide which pits were to be used in the computation

of t he  damage rates. As stated in the results of Phase I, the damage

r i t e  was min ima l at the front of the model with a small peak near the

leading edge and steeply increases at a point just forward of the

cavity closure point. It Is obvious that the area in which the maximum

damage occurs .ould provide the best measure of the intensity of the

attack. In Phase I tests , the models for which a damage rate was

computed were run at a dimensionless cavity length of 2.0. The

maximum damage zone was defined as a point 8.64 mm from the leading

edge to the cavity length reference mark (these reference marks were

h oes scribed about model used for setting the desired cavity length

during a test). This area included most of the p its in the sample.

For further tests , namely , Phases II and III . at other velocities and

cavity lengths , the size of the maximum damage zone may vary . To

accoun t  f o r  t h i s , a better definition of the maximum damage zone which

would include most of the pits for all velocities and cavity lengths

was requ i red  fo r  these tests.

For the Phase II and III tests , the maximum damage zone was

defined as follows . The three highest values obtained from counts in

the Individua l reference areas on a model were averaged . The maximum

damage zone extends outwards from either side of the peak values in the

damage distribution to a point where the pitting has decreased to a
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value c u t one—quarter of t he  average of the  maxima . This  area inc luded

most of the p it s on each model for all test conditions . The reason an

average of three maximum v a l u e s  was chosen was to eliminate the effect

of a possible unusually high value in one particul ar reference area.

Figure 17 indi cates the calculation of the maximum damage zone for one

mode l .

The damage r a t e  was then  computed for the maximum damage zone by

calculating the average number of p its per square centimeter in this

area and dividing by the total test duration. This damage rate in the

maximum damage (DRMD) is one measure of the damage intensity . (A more

complete measure of the damage intensity would include the average pit

size.) The data could also be presented as a p itting rate where the

number of pits per second are presented . This pitting rate can take

two forms , namel y, the pitting rate in the maximum damage zone (PRND)

or the  t o t a l  p i t t i n g  r a t e  (TPR) on the model .  The PRND is the number

of cavitation damage pits formed per second in the area of maximum

damage on the model. Likewise , the TPR is the number of p its formed

per second on the entire model surface. Both the PRMD and the TPR are

useful in an assessment of the damage .

For an indication of cavitation damage sustained by a model , not

only the number of p its but the spatial concentration of p its also must

be cons idered . Thus , all  three  of the aforementioned methods of the

dat a presentation are necessary . The TPR gives a general measure of

the total number of p its that can be expected on a model for a given

t e s t  d u r a t i o n .  When t h i s  value is compared to the  PRMD , thc percentage

o f  p i t s  in the  maximum damage zone is known . The DRMI) then indicates

the  p i t t i n g  i n t e n s i t y  In t h i s  area .
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3.3 Dynamic Hardness

As mentioned previousl y, the dynamic hardness test was conducted to

relate the volume of a cavitation pit to the  energy r equ i r ed  to f o r m  i t .

The r e s u l t s  of the  dynamic hardness test are shown in Table Ill. For

the entire range of tests , the scatter in the data was quite small. The

range of drop hei ghts  was f rom 20 to 100 cm for the 0.125 gm ball and

f r o m  20 to 30 cm f o r  the  0 . 6 2 5  gm b a l l .  The average d ynamic  hardnes s

f rom all the  t e s t s  was 0.50 Joules/mm 3 . I t  was t h i s  value of the

dynamic hardness of the 1100—0 aluminum tha t  was used in the energy

scaling relationshi p.

As can be seen in the  t ab le , the dynamic ha rdness  can a l s o  be

expressed as a mean dynamic pressure . Most s t a t i c  hacdness  m e a s u r e m e n t s

are presented in the literature in the form of a pressure. The

value for the mean dynamic pressure was obtained from the dynamic

hardness measurement by multi p ly ing by 1000 mum/rn and dividing by the

gravitational acceleration constant , 9.8 rn/sec
2
. The average dynamic

hardness expressed as a mean dynamic pressure i s  50.9 kg/rn
2 . This

.~ompares to a va lue  of 23 k g/mm 2 fo r  1100—0 a luminum in the standard

Brinell hardness test (18), or Jr. other words , the dynamic hardness is

2.2 times the static hardness.

The object of the dynamic hardness test was to provide a value of

the energy required to form a pit of known volume in the surface of the

test material at a high strain rate. The time of formation of a typical

cav itation pit has been estimated to be on the order of a few micro-

second s (19). It was desi red  to conduct the dynamic hardness test so

that the t ime of formation of a typ ical cavitation p it and p it formed

during the hardness test would be of the same order of magnitude. An
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approximate relationship for the t ime of pit formation during the

dynamic hardness test was given in Appendix A. Using this relationship,

. 1  value of 7.~ p seconds was o b t a i n e d  fo r  the  average  t ime of p i t

formation during time dynamic hardness test. This value was obtained

for tim e’ 0 . 1 2 5  gm b a l l .

Thus , i t  i s  seen t h a t  the e s t ima ted  t ime f o r  the  p i t  f o r m a t i o n  in

the  dy n a m i c  hardness test and the estimated t ime to form a cavitation

p i t  a r e o f the same order of magnitude.

3.4 Effect of Cavity Length on Damage Production

I)uring Phase III , a study of the effect of cavity length on the

damage rate was conducted . The tests were conducted over a wide range

of cavity lengths at a velocity of approximately 38 rn/sec and an air

content of 10 ppm. Seven cavity lengths corresponding to d imensionless

cavity lengths of 1.0, 1.5 , 1.75 , 2.0, 3.0, 4.0 and 6.0 were tested .

The results are shown in Figures 18 to 20 with the DRMD , PRMD and TPR

p lotted as a function of dimensionless cavity length and a.

The production of damage is very low for the shorter cavity

lengths , increases to a peak , and then drops off for the longest cavity

t e s t e d .

The peak in the curves occurs at a L/D—3.0 for both P RMD and TPR ,

but at an L/D of 1.75 for the DRMD. This is because , for the shorter

cavity, the area of the maximum damage zone , over which the damage rate

was computed , Is fairly small , giving a higher p itting rate per unit

area . This is because the fluctuation in the cavity length is low for

the shorter cavities. For the lower values of G (longer cavities)

during the damage tests , the fluctuations of the cavity length about
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the mean point were greater than for the higher val ues of r . The

cav ity length fluctuation became most pronounced for a dimensionless

cavity length of 2.0 and above . This may have been due to slight

fluctuations In the cavitation tunnel pressure. A plot of U versus

dimensionless cavity leng th is given in Figur e 1. From this plot , it

can be seen tha t for a given pressure fluc tuation in the tunnel , the

fluctuation in the cavity length will be more pronounced for the lower

values of a. Thus, for the longer cavity lengths the zone of max imum

damage would tend to be larger due to changes in the cavity length.

At a dimensionless cavity length of unity, there is almost no

damage to the s u r f a c e .  This concurs wi th  results obtained for this

cavity length at other velocities. In fact , no damage was recorded

for L/D=l.0 at the high air contents and very little for the low air

content tests. The flow over a zero—caliber ogive is a separated flow .

For very short cavities , the cavitation bubbles grow and collapse in

the free stream away from the model as shown by the pho tograph in

Figure 21. A t longer cavity lengths , the downstream portion of the

cavity is attached to the model . This allows the bubbles to collapse

close to the surface and increase the damage capability. For other

model contours , t h i s  low r a t e  of damage fo r  the shorter cavity lengths

may not be true . Knapp (3) in fact showed that for a dimensionless

cavity length of 1.0 on a hemispherical—nosed body, a substantial amount

(ii damage occurs. The flow about a hemisphere is essentiall y

unseparated and thus the small traveling cavities are close enough to

the model surf;e e to cause damage even at the shorter cavity lengths .

For the velocity of 38 m/sec , a large number of cavit y leng ths

were tested to observe any change in the damage rate. If these data are
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compared  t i c  the d a t a  at other velocities , there may appear to be some

discrepanc y . At other velocities , the peaks in the damage and pitting

rates occur at different cavity lengths . For some cases , the maximum

occurs it .1 d imens ionless cavity length of 4.0 while others occur at a

dimensionless c a v i ty  length of 2.0 or 3.0. It is felt that this could

I c e  due t ic experimental error. Variations in the surface hardness of

ea ch m d cl , errors in p it counting, air content effects , and other

experimental errors could affect the results. From the tests conducted

it (~ m/sec , the results show that for the d imensionless cavity lengths

ot 2.0. 3.0 and 4.0, the curve of the damage and pitting rates is

fairly flat in this reg ion. A small experimental error could shift the

position of the peak in the curve .

3.5 Effect (‘ I  Velocity on Damage Produc t ion

The main emphasis of this study was the investi gation of Knapp ’s

sixth power law. The data was plotted on log—log paper. If a power

law holds the data should plot as a straight line with the slope being

the exponent of velocity . As can be seen in Figures 22 and 23 , the

data for the DRND scales by appr ox ima tel y the sixth power of velocit y

f r  the  two air  contents tested . Fi gures 24 through 27 show the same

results when the PRND and TPR are considered . The exponents vary from

5.4 to 6.5. It is interesting to note tha t the slopes of the graphs

t u u r  t he  h i g h e r  a i r  con ten t  are greater  than their counterparts for the

lower air content. In the former case , the average slope of the graphs

was 6.1. At the lower air content , the average slope was 5.4. As seen

in the graphs , the data for d imensionless cavity lengths of 2.0, 3.0

and 4.0 mr p lott ed on the same graph. It was shown previously that
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for such cavity lengths , the damage r a t e  dices not change  a p p r e c i a b l y .

Plotting all three cavit\ ’ lengths provided a larger samp le for plotting

the curves.

Iuu r the highest ve l ocit y tests , a correction in the measured

pitting density was made (see Appendix 1)). This was n e c e s s a r y  s ince

the amount of damage sustained during the velocity transition period

was a s i g n i f i c a n t  p e r c e n t a g e ’  of the  t o t a l  damage . For test.  c o n d i t i o n s

of 4 9 . 3  r n / s e c — L / D  cu t 3.0 , 50 m/sec—L/D of 4.0, and 59 . 3  r n / s e c — L / D  of

3.0, corrections were made in the p itting density . For the model run

at 59.3 rn/sec , the number of p its created during the velocity

transition period constituted 35.4% of the total. This percentage of

p its was subtracted from the total number of p its for the calculation

cf the damage and pitting rates at stable test conditions .

3.6 Effect of Vel ocit y on Cavitation Bubble Collapse Energy

The velocity not only had a marked effect on the rate of pit

production but also on the average volume of the p its formed . Tables

IV to VI slo w a random sampling of pits for three model s at v e l o c i t i e s

of 30.1 , 38.0 and 49.3 rn/sec for a dimensionless cavity len gth of 3.0.

The average volume of a p it on a model increases greatly for an increase

in velocity. As stated previously, the vol ume of a p it is a measure of

th e energy required to form it. A plot of average pit vo lume (and

average collapse energy absorbed) as a function of velocity is presented

in Figure 28, plotted on log—log paper. The energy values given

correspond to a dynamic hardness of 0.5 Joules/mm
3 as measured from

the dynamic hardness test fc~r 1100—0 aluminum. The figure shows that

the average pit volumes , or average collapse energy absorbed per p it,
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scale to the fifth power of ve l c ce:i’ v. Since the pitting rate increases

by the s i x t h  power of v e l o c i t y , and t i m e  a ver a g e  c o l l a p s e  energy

absorbed by the f i f t h , t he t o t a l  c a v i t a t i o n  bubb le  co l l apse  energy

absorbed per second increases to the eleventh power.

I t  must  be ment ioned t h a t  the  p i t  vo lumes  are not trul y a measure

of the bubble collapse energy . They are a measure of the bubble

collapse energy absorbed by the model in the form of damage ; the

difference being the elastic energy in the formation of a cavitation

p it. When a bubble collapses , it initiall y deforms the surface.

There is some elastic recovery leaving the cavitation pit with a

somewhat smaller volume . The ratio of the total energy to the elastic

is important. The elastic energy must be a small percentage of the

total collapse energy . If this is true , then the r e s u l t i n g  d e f o r m a t i o n ,

the plastic energy , provides an accurate measure of the total collapse

energy . This  is the case for annealed aluminum . It is shown in

Table III that the rebound height of the indenter in the dynamic

hardness test is a small percentage of the drop height . In other

words , the elastic energy is much lower than the total energy , usually

less than 15% of the total. As the lower limit In pit size is reached ,

the elastic energy will constitute a larger percentage of the total.

This would affect an assessment of the bubble collapse energy . Even

with this statement , the average volume per pit still increases very

rapidly with velocity indicating a corresponding Increase in bubble

co l l a p s e  energy .

Plots of the p it volume distributions of the random samp l ing for

the three velocities are presented in Figures 29 through 31. Since

the pit volume is a measure of the collapse energy absorbed , a p lot of
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t ue volume distribution t or a given flow condit ion is , m l s cc a p lot of

t h e  d i s t  r ihut ion c u t  a b so rbed  bubb le  c o l l a p s e  energy . Fi gu re  32 i s  a

ve ry  r o u g h  p l o t  of the envelopes of the p i t  v o l u m e  d i s t r i b u t i o n  grap hs ,

i c o u n t i n g  t c u r  t h e  t o t a l  number of p i t s  in each s a m p l e .  The p l o t  was

ge n e r a t e d  as f o l  lows . The ahsc  issa  was d i v i d e d  i n to  equa l  absorbed

l c u b h l c  c c c l  l apse  ene rgy  levels  of  2 . 5  x 10 6 
Jo u l e s  cr a change  in  p i t

V ( c l u m t ’ l e  c u t  5 x 10 6 mm 3 b e tween  each l e v e l .  The r e l a t i o n s h i p  be tween

t i m e  p i t  vol ume and col l apse  On e r gy  absorbed c o r r e s p o n d s  t i c  0 . 5

b i d  c*J mm
3

, w h i c h  was  t h e  r e s u l t  f r o m  t ime  d y n a m i c  h a r d n e s s  t e s t .  The

g c r c e n t ; c g e  c c l  col lapse e ’n erg h’s absorbed w i t h i n  each leve l  was t hen

F lc c tte d . This was done f o r  t h e  t h r e e  v e l o c i t i e s  t e s t e d . Even w i t h

such a small statistical sample , the relative partition of the absorbed

bubble collapse energy is seen for each velocity. for the l owest

velocit y , there are large numbers of bubbles collapsing with relatively

l i t t le  damage to the  bounda ry . As the velocity increases , there is a

ru c t e r  fce r c en t ;m ge of p i t s  formed by a much h i g h e r  c o l l a p s e  energy .

3 .7  E f f e c t  of A i r  Con t en t  on [)amage P r o d u c t i o n

From a st u d y  of t h e  l i t e r a t u r e, i t  appea r s  t h a t  the  a i r  c o n t e n t

was not a ma jo r  v a r i a b l e  in most investi gations . During this

i nvestigat ion , a s i gnificant effect of air content on the damage rate

has been observed w i t h  a c o m p a r i s o n  of the da ta  f r o m  l’hases II and III.

The ef t e c t  of air content can best be seen in F i gure 33. The upper

curve is time DRMI) ms a t unct ion of velocity for In air c u c n t e n t  o f

m p p r o x l m m t e l v  1( 1 ppm while the lower curve corresponds t i c data at 20

ppm . I c r  i d o u b l i n g  of the air content , the damage rate is cut in half.

0n~ model , Mc dcl 52 , was t est e~d a t  a lower  a i r  c c u n t  c o t , n a m e l y , 7 . 1
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ppm , to observe i the damage rate would further Increase. The model

was tested at a velocity of approximatel y 37 rn/sec and a dimensionles s

cavity length of 3.0. The DRMD was 17.96 pits per cm
2 

per second tor

an a i r  c o n t e n t  of 7 .1  ppm.  The l)RMI) was 11.21 p i t s  per  cm 2 per second

for a model run at 9.5 ppm at approximately the same velocity and

cavity length (Model 37) . The damage r a t e  does further increase for

m decrease in air content. Model 19 was run at approxim ately these

same cond i t i ons  bu t  at  an a i r  con ten t  of 18.5 ppm. The DRND fo r  t h i s

case was 6.90 pits per cm per second . An air content of 18.5 ppm

is 2.6 t imes that for 7.1 ppm. The damage r a t e  fo r  the  lower a i r

c o n t e n t  was 2.6 t imes higher than for the higher air content. From

t h i s  evidence , it would seem t h a t  a h y p e r b o l i c  r e l a t i o n s h i p  e x i s t s

between the damage rate and air content. This change in damage

production due to variations in air content could be one source of

scatter of data In the literature. Although no quanitatuve data were

obtained due to the time element involved , the p its at the lower air

content appeared to be slightly larger than their counterparts at the

hi gher air content s .

If the damage rates for the Phase I models In the 30.5 cm tunnel

are compared to the same flow conditions in the 3.8 cm tunnel , the

damage r a t e  is much higher for the former case. As stated previous l y,

the air content was not measured for the preliminary tests , alth ough

it was estimated to be quite low . This could be the reason for the

discrepancy. A rough approximation of the air content for the Phase I

tests can be made . It Is assumed that the hyperbolic relationshi p

between the damage and air content holds. For Model 1 in the Phase I

t ests run at 21 rn/sec and a dimensionless cavity length of 2.0 a DRMD
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5.29 p its per cm 4 per second vm s  ru - c u r d  cd . A model from t lie P h a s e

l I E  t c .ts  w i t h  s i m i l a r  t e s t  j c l ! m f l u e t e F s  v m s  chosen I c u r comparis on ,

n m m ~~ly , M c c l i i 34 t e s t e d  - m t  2. 1. 2 r n / s e c  mm d a d i m e n s i o n l e s s  cavit y l er m g t lm

c c !  2.0. l im e l ) R MI )  c u r  t h i s  c iS i  was 1.  38 p i t s  e r  cm
2 

~~r second at an

m i r c o n t e n t  ot  7 . 5  ppm.  The damage rat e t ic r t l i c  P h a s e  I mode l  was  3 . 7

t l ine s h i gher t h a n  t c u r  a model run it s i m i  l ; m r  t e s t  c o n d i t  ions  a t  an m i  r

co n t e n t  o l  7 . 5  g n u . A s s u m i n g  t h e  h y p e r b u c i  ic r e l a t  l o n s hip  b e t w e e n

d m m a g e  r i t e  and a i r  c o n t e n t , t he  Phase  I model  would  have  r e l i c  j r i d  an

a i r  c o n t e n t  of t h e  s u r r o u n d i n g  water t o  be 2 .0  ppm . T h i s  va lue  is  j u s t

b e l ow t l ~ e capab i l i t i e s  of  t he  t e s t  f a c i l i t y  u t i l i z e d  in Pha se  I .  I t  is

unlikel y tha t the a i r  c c c n t e n t  of t he  tes t  f a c i l i ty  c old h- ye been t h i s

low d u r i n g  Jie t e s t s .  The d i f f e r e n c e  in the nuclei distributi ons

b e t w e e n t h e  f u m e  i l i t  ies  u t i l iz e d  i c r  each of these  tests could possibly

a c c u c u m o t  t e r  some of the  d i s c r e p a n c y .

3. I ft c~~ c r v ; i t  ions of  ( : m v i t y  D y n a mi c s

I h e  d iscc cve ry c u t t i m e damage near  t h e  l e a d i n g  edge c c f  t h e  Phase I

l I l t  i s  p r o m p t e d  an in v e st  igat  ion i n to  t h e  poss ib le  c a us e .  T h i s  s t udy

i ny c  c I v e i l  p h o t o g r a p h i n g  the  c a v i ty  b e h a v i o r  w i t h  a h i gh speed met i on

p j u t  u re  - I n s - n r c .  Time deve loped  c a v i t y  on a z e r o — c a l i b e r  og ive is  shown

i n F i g u r e  14 a~ i t  a~c j ce m r s t i c  the naked e ve .  If the O c t . h Ofl is stopped

w i t h  t s u f f i c i e n t l y  s h o r t  d u r a t i o n  f l a s h  such as f r o m  a s t robe  l i g h t ,

t h e  b e h a v i o r  a p p e a r s  u m s  i n  Figure 35. This is  a comp l e t e  cyc l e  of the

c a v i t y  f u r  a velocity c u t  a p p r o x i m a t e l y  25 m/ ser  and a d i m e n s i o n l e s s

c a v i t y  length of 2.5. the framing rate was approxImately 5001) p i c t u r e s

per se’ ccc rm d or ci 0.0002 second t i nc  l apse  be tween  f r a m e s .  The ev e  I i

begins with c relatively long period during which time cavity remains
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I c u d ’ ’ ’’ . l’he cavi t v t h e n  b r e m k r c  of  t at  t i m e  lead I ng edge and r I t s

b a c k  c ’v c ’r  t h e  model u s u a l l y  In two s e l c i r a t e  s e gm e n t s . Small v c i t  ices

u s u a l l y  connec t  t he I ragnuc ’n is m s t buc ’ t r r c y e  I downst  r c u i ; , lig ure ‘36

‘rhe ’ c m v i  i v  b r e a k s  o f f  clue to a reent rant jet ~ t rik i n , ’ t i c  c m v i  tv

l e c d i n g  ed ge.  This  r e e n t r a n t  j e t  can  he seen in Fi gure 37 moving

t h r o u g im t i m e  c a v i ty , s t r i k i n g  the  l ead ing  edge and c ; m u m s  i ng  t ime b r e a k o f f .

A possible rc ’ m son  why the cavit y usually divide s i n t c c  a number of

p ieces a f t e r  b r e a k o f f  is that t h e  r e e n t r a n t  jet was thick enough to

touch the cavity wall c it a number of p laces. Also , surface tension

ef~ ect s may account for this.

From the movie segments , it was observed that the frequency of

the cavit y cycle was stable fc u r any given flow condition . For the

long cavity lengths (lID�4 .1i ) and the sl’cccrter ones as well (LID~ l)

there was no eve 1. ing of t h e  cavity. inspect ion of t he  f i l m s  fccr these

c,- m- c , ~ shows t h a t  t h e  r e e n t r a n t  j e t  fo r  t he  i c cn g cav it ies loses its

inc cnuc’ ntu nm befccr c reaching the leading edge. For the s h u c c r t  c a v i t i e s ,

t h e re is no reentrant jet and no well defined cavit y . The data for

t h e  f r e q u e n c y  c h a r a c t e r i s t i c s  of t h e  c a v i t y  c y c l i n g  f o r  t h e  c a v i t i e s

bet  w e c O d i m e n s i o n le s s  c a v i ty  l e n g t h s  of 1 .9 and 5 .1  is p r e s e n t e d  in

F ab l e  V I I .  G e n e r a l l y ,  as t h e  c a v i t y  gets s h o r t e r , t h e  f r e q u e n c y  caf

c y c l i n g  in c r e a s e s .  Also , the  f r e q u e n cy  i nc r e a s e s  w i t h  ye  l c c c i t v .

F i g u r e  38 shows ci p l o t  of S t r o u ha l  number , S , as a f u n c t i o n  of the

c ;m v i t c mt t o m  index , o. The S t r o n h u m i  number  is d e f i n e d  as

s = ~~-~ ( 2 )

w h e r e  I is t h e  f r e q u e n c y  c u t  p u l sa t  Ion , D i s  t he  model . d h m t u u e t  or , and
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i nc r ea se ’s w i t  I i  t i m e .’ c l v i  t a t  I c c i m index .

3.9 l ead ing  Ed ge P i t t i n g

The pitting of the model near t h e  l e a d i n g  edge was f i r s t  observed

on the Phase 1 m o d e l s . The leading edge contour was also deformed for

some models during these tests ; it was not known if this could be the

cause of the p itting in this area . For the Phase II and III tests ,

the models had a stainless steel tip to prevent the contour deformation.

The tip was made thick enough in the d i r e c t i o n  of f low fo r  structural

r i g i d i t y  bu t  t h i n  enough tha t  if p itting was possible near the leading

edge , it should be v is ible  on the aluminum .

T h i s  leading edge p i t t i n g  was indeed ob served on models  In the  3.8

cm t unne l  bu t  onl y fo r  some models tested at the lower air contents.

Accurate measurements of the leading edge p itting could not be made

since there was no damage in the area covered by the stainless steel

tip. This may also explain why the p itting was not observed on cm ll

models c i t  t h e  lower  a i r  c c c m ) t e n t .

it was seen previously from the hi gh speed movie segments that a

reentrant jet strikes ti m e lead ing edge of the cavity during the

cycling . The for e of tim i s jet striking the cavity wall could cause

a s u b s t a n t i a l  sho r t  te rm p r e s s m m r e  r i se . This p r e s s u r e  r i se  in turn

could cause the  col lapse of any t i i m v  c a v i t a t i o n  bubbles  near the

lead lri b edge and produc e damage .

3.10 General  ()b serva t. ions of the Damage

General observations ic f cavitation damage can provide insight Into

the processes involved in the cavitation damage . Figures 39 to 41
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p r e s e n t  vi ews c t eavi tcl t ion d i n c m g c ’  t I c  t h e ’  mode I . Figure  li s l m c c w s  how

t h e  ch c i : u m g e  ; l I c i c e , l r s  i c c t i m e  naked e c ’  with no magnifi cu ct iccn . The

c o n c e n t r , m t  ion  of t i m e  p i t t  lug r m r c , c i i i c h  the ccl v i t v l e ng t h  roferen cc ’ mark

can he seen, l i c e  ~l ; c p e ’ l r ; m n i ’e c c f  model  s u r f  ace’s bet ore ;mnd a f t e r  t est  i n c

is seen in m magnl f i t c h  ‘~‘i e w ot  F t  gor e ’  P . Time ’ appm mat ~ d e n s i t y  of

p its that u’ cvi de s a suft ic tent s , i m i c l , -  1 1 c r  m n a l v s  i s  w i t t u c c u i t  o v e r l a p p i n g

is s h m o w f l  in F i g u m r c ’  ‘4 1

P i t  d i a m e t e r s , d c p t t u s  , Volu miruc’ an I d i cr : t ’t e ’ r — t  c c — d e p t h  rat t i c s  arc’

p r e s e n t e d  in T u m b l e ’ s  I V  c VI ‘u r ,mui dc c m sam ici ings ot p its. Mc’ ,i su u re—

men ts were taken f c cr v e l o c i t i e s  of 30.1 , t~ and 4 1) 3 r n / s e c  at a LID

ca t  3 .0 and an a i r  c c c n t e n t  of  t~c~c r c c x i r n i t c l y  10 ppm. The m i n i m u m ,

maximum and a v e ra g e  v a l u e s  ire g ive n I c r  each s i mp 1  jug . The data show

t h a t  t h e  ave rage  p it d j cni e t C r  and depth increums e ’s w i t h  veloc i t v  h u t

t I l e ’  ave rage  d i a m e t e r — t o — d e p t h  r a t i o  i s  n e a r l y  the  s ,mme for the mode ls

at  38 and 4 9 . 3  rn / sec . P lo t s  of t h e  d i s t r i b u t i o n  of p i t  d i a m e t e r s  I c c r

the three v e l c u c  i t  ies c i r e  p r e s e n t e d  in F i g u r e s  42 to 44. These g r u m p hi

w e r m . obtained from cm much larger sampling than given in T u i b l e s  IV to

V I .  (Th ue  d a t a  in Tab le ’s  IV t c c  VI w cis  used m a i n ly  t cc r  t h e  c c c m p u t a t  ion

c f  t h e  p i t  vo l umes . )

i t  was s t a t e d  p r e v i o u s l y  In t h e  r e s u l t s  of t h e  Phase  I t e s t s  t h a t

t h e r e  was no material removal in the creation c c f  t h e  c a v i t , m t i o n

inmientations . ‘l’his statement was made after observation c u t the pits

with an optical microscope. It was observed that there were no

breaks in the tool marks running through the p its. A tter the Phase II

and III tests , some models were viewed with the SEM . FIgure 45 taken

ccl the SEM screen shows c l e a r l y  and -mt high magn i f t e a t  Ion that there

is indeed no materi a l remov uml even from t h i s  relatively deep pi t .
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There  was one i n t e r e s t i n g  case of a very deep p i t  shown In  F I g u r e  4 6 .

At  t h e  ve ry  h i gh magnifi cation , i t  appears  t h a t  t he  a l u m i n u m  has been

so s t r a i n e d  t h a t  the  s u r f a c e  a t  the  bo t tom of the  p i t  i s  s t a r t i n g  to

crack. This is an extreme case for the models studied and onl y one

p it o t h i s  t y p e ’ was found , If another cavitation bubble were to

c c l  l , m i c s e  in t i l e ’ same s p o t , there could poss ib ly  be some m a t e r i a l

removed from the st ir I m I c ’ .

I t  was hoped t h a t  d e t a i l e d  obse rva t ions  of the damage would provide

some’ I n d i c a t i o n  as to the  mechanism of damage . If the~ primary damage

m e c h a n i s m  was caused by a final toroidal collapse , then there should

be annular indentation in the surface. This was not obscrved . Also ,

t h e r e  we re no observat ions  of p i ts  d i s t r i b u t e d  in a ringed pattern

w h i c h  could be characteristic of a f i n a l  t o r o i d al  co l l ap se  mode . This

does n o t  r u l e  out th i s  mode t o t a l l y ; i t  would  be difficult to observe

mli v I s o l a t e d  p i t t i n g  in a ringed pattern due to the relatively hig h

d e n s it ~’ of p itting on the models. It could not definitely be stated

w i u c ’ t h m e ’ r the ’  s p h e r i c a l  co l l ap se  or j e t  mode was r e spons ib l e  fo r  t h e

d amage.  F u r  some ease ’s , the diameter—to—depth r a t i o  of  the  p i t s  was

scm s ma l l  t h a t  cm s p h e r i c a l  c o l l a p s e  was u n l i k e l y .  For these eases , the

c e n t e r  of  c c c i  i u i ; c s e  would have i c c  he so close to the s u r f a c e  t ha t

s p h e r i c i l  svmrume tr v would  not be m a i n t a i n e d . For o t h e r  cases where the

p i t s  were very  s i m i l l o w  ( l a r g e  d i a m e t e r — t o — d e p t h  r a t i o ) , the  center  of

p ressure  fo r  a sp he r i cal  co l lapse  would be f a r t h e r  f r o m  the  s u r f a c e .

In th ese cases , the spherical collapse may he the cause of damage . 

-- - --- - - ‘- ~ -- ---- —--
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3.11 Corricsion E f f e c t s

When Phase  II of the investigation was conducted in November 1974 ,

an interesting clm ,m r ,mc t e ’ri sti c of the model surfaces was observed .

Pha se I I , as mentioned previously, was conducted at an air content of

a p p r o x i m a t e l y  20 ppm.  I t  was observed tha t , in addit ion to the norma l

i n d e n t a t i o n s  caused by t he  cavitation bubble collapse , there was

s o m e t i m e s  a spotting of the model surface as shown in Figure 47. These

spots had the look of corrosion products. At a magnification of about

100 X , Figure 48, it w~ s observed that the spots were elongated in the

direction of flow and seemed to start at a point at the upstream end

becoming wider at the downstream end . Analysis with the SEM was

conducted to determine the exact nature of the effect. SEM micrographs

of individual spots are shown in Fi gure 49. The head of the spot is a

smal l , i r r e g u l a r  and deep crevice in the surface. This p it in which

material had been removed was not visible with the optical microscope .

The h i g h e r  m a g n i f i c i t  t cc n rnicrographs taken with t h e ’ SEN show that the

tail is composed of small particles -m f fixed to the sm irface downstream

of the pit. The most l i k e l y  exp lanation of this phenomenon is that it

was a pitting type c t  u ’ c c r r c c s l i ) n  w t t h  the  u ’o r r c u s i o n  p r o d u c t s  depos i t ed

downs t ream.  The f a c t  t h a t  t he  s p o t t i n g  is  a l i g n e d  w i t h  t he  f l o w  is

certain evidence that the p its were created during the cavitation test

runs .

The important question to ask is what effect the cavitation itself

had on the corrosion of the model. It was felt that the collapse of

the cavitation hubbies near the surface could disrupt the protective

oxide film and stimulate a pitting corrosion. (See Appendix F for

more information on the corrosion of aluminum.) If this were true,
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then i t  fol lows tha t little or no spotting should be observed when the

p itting rate Is low . It has been stated previously that , for a dimen-

sionless cavity length of unity, the cavitation damage rate is very low.

It was decided that the low damage rate was due to cavitation hubbies

collapsing In the free stream away from the model surface. For this

condition , then , the amount of spotting should be low . This was indeed

the case. It was observed that very little spotting corrosion occurred

for the tests conducted at the shortest cavity lengths , namely, dime n-

sionless cavity lengths of one. For the longer cavity lengths , various

amounts of spotting were recorded . This tends to confirm the fact that

the collapse of cavitation bubbles near the surface of the model

stimulates pittin g corrosion . There is no quantitative data available

on the effect of test duration and velocity on this corrosion. From

general  observat ions  of the models , it appears t h a t  both  an increase in

test duration and velocity tend to increase the corrosion rate.

An interesting observation was made when the models were viewed

under polarized li ght. Some of the corrosion pits had strong coloring

rings about them , Figure 50. The colors observed were blues and

brownish—oranges ring ing the outer portion of the p it and tail section.

The corrosion pits that had this coloring under polarized light were

not usually as elongated as the other spotting . It was also observed

that these colored p its were in far greater abundance at hi gher

veloc ities . In some instances , pits were observed in which there was

no elongation in the direction of flow . The p its were surrounded by

concentric coloring rings . It was not known if these pits could have

been formed during a period just before or after a test when there was

s t i g n a r m i w a t e r  over the  model. This could account  fo r  the f a c t  t ha t

there was no elongation in the direction of flow . It was still
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c c i c se rved that for t h e  hi gher velocity tests , there was a higher number

of these  p i t s .

The Phase III tests conducted at the lower air content were run

in e a r l y  1975. Aga in , in a d d i t i o n  to the indentation pits where no

material was removed , there were corrosion associated pits. For the

P150 III models , there was some spotting as observed for the Phase II

models , but not as abundant. Instead , there were roughly te’c v e ry

l i r g e ’  material remova l p its on each model.  These p i ts  were on the

c crd e ’ r of 0.2 minim in diameter , much larger than the s p o t t i n g  p i t s .  SEM

u u u i c r c c g r m~c h m s  c u t  t h e  p i t s  showed an attack along the cubic structure of

t hu aluminum , Fi gure 51 , and a t h i n  depos i t  l ayer  around t h e  p i t s ,

l i g u i r e ’  52 .  This deposit layer was far different from the deposit tail

t u e  s~ucc t ting ecc rro s i on .  The s p o t t i n g  deposi t  was in the form of

small granules affixed to the surface downstream of the pit. These

very large material removal p its had a th in  even layer  of deposits.

In m I s t  case ’s , t h e  layer was deposited in a circular pattern about the

pit. The cracking of the layer showed a shrinkage after formation .

There  were  some ins tances  where  the  th in  l a y e r — t y p e  deposi t  was a] igned

w i t h  the flow . This was usually the case where the attack was along the

cavit y length reference mark and the layer deposited downstream as

shown in Fi gure 53. A qualitative elemental analysis was conducted

with ,i SEM which showed the layer composed of an aluminum compound .

This would tend to confirm that a corrosion mechanism was responsible

I c u r the attack.

It was felt that the pits in which the layer was in a circular

deposit pattern may not be due to cavitation—corrosion interaction.

The proced ure for conducting the Phase III tests Involved deaerating
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t i m e  w a t e r  in the tunnel for about two hours. During this t ime , t h e

model was in the tunne l and submerged . It was felt this pittin g with

the circulcm r deposit was caused by simple pitting corrosion of the model

during this t ime . The pits where the corrosion products are ali gned

with the flow were still most lik 1 v due to cavitation—corrosion

interactions .

The question still arises as to why there was a smaller amount of

the spotting—t ype corrosion for the models run at the lower air

c o n t e n ts .  Also , why were the re  p i t s  at the  cavity  leng th  re fe rence

mark with corrosion products deposited in a thin layer downstream . The

rate of indentation type p itting was greater for the lower air content

so the cavity collapse was more intense. This would tend to disrupt

t Im ’.’ p r c c t e c t i v e  oxide layer to a greater extent and thereby cause more

corrosion. One explanation of the lower amounts of spotting could be

the longer test durations for the high air content tests at given flow

conditions. It is possible tha t even the less energetic bubble

collapses are strong enough to disrupt the oxide film and any more

collapse ener~ ‘ does not add to the effect.

Another reason for the change in the amount of spotting could be

a difference in the water composition or pH between tests. The high

a ir c o n t e n t  tests were conducted in November 1974 while the lower air

cc c n tentS were tested in February 1975. The water supply taken from the

t a p  at  d i f f e r e n t  t imes of the year may have a slightl y d i fferen t

composItion of dissolved constituents ar1d pH. A small test was

cu n d w - t e d  in Augus t  1975 to observe a change in the pH read ing of the

t ij c  water used for the water used for the water tunnel facility . The

maximum vari at Ion In pH was from 7.672 to 7.87 for water from the tap .
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Deaeration of the wate r  tm ) about 5 ppm tends to Increa se the pH by only

0.05, An increase in the pH va lue  on one hand would tend to increase

the corrosion , while a decrease in the oxygen level would tend to

d e c r ea s e  t h e  t endency  toward  corrosion .

Pits that exhibited the color zones under polarized ligh t were also

observed for the Phase III tests. The very large pits with the deposit

l iver had t h i s  e f f e c t .  I t  was generally observed that the more intense

the attack in time p it , the higher the tendency towa rd observation of

the  co lo r  zones.  The mechanism fo r  t h i s  color gene ra t ion  is not known .

3.12 Comparison of Results with Other Investigations

One ot time major problems in the study of cavitation damage in the

weight loss zone is the lack of agreemen t between investigators . An

examp le of this can be seen from the results of an ASTM round robin

te s t with vibratory test facilities (20). Using similar test devices ,

eleven laboratories measured the accumulated damage to three mmterials .

In some eas e s , t he re  was a wide spread in the data. For this reason ,

a comparison was made between investigations of damage in the i n c u b a t i o n

zone’ using aluminum as a test body.

The model confi gurations and test data are shown in Table VIII for

four different invest i gati ons. Data from Knapp (3), Hackworth and

Arndt (4), Sato et al. (5), and this investigation are presen ted . ,\ l l

investi gations measured the damage rate , In the form of p its per second

l e r  unit area , on a pure annealed aluminum model . Sato used ‘t y p e  A .  A .

1080, Alcoa BC 1 S aluminum , 99.8% pure , while the others used 1100

aluminum , 99% pure . Knapp employed a 5.08 cm diameter hemispherical—

nosed body wh ile Sato ’s test body had a 1 cm hemispherical nose .
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H a c k w o r t h  and Arnd t measured the damage downstream of a 0.635 cm high

step mismatch and this investigation , a 0.635 cm diameter zero—caliber

og ive. A range c c f  c a v i t y  l eng ths  and a i r  c o n t e n t s  were also con ta ined

i n t he  d a t a .

A p l o t  ot the damage rate as a function of velocity is presented

in Figure 4 for all investigations . Good agreement in the data cam

be seen f o r  the investigations . It was decided to correct all data

to one air content. This was done using the hyperbolic relationshi p

found from the tests conducted during this investigation. The results

are’ shown in Figure  55. For such a wide variation of model size and

geometry , the data corrected only for air content shows remarkable

agreement . From this comparison , it would seem that the variation of

the vel c cci tv overrides the differences with flow confi gurations and ~~~.

It was stated previously that there was a peak in the curve of

damage and p i t t i n g  ra tes  as a f u n c t i o n  of the relative cavity length.

This i mc ms  a l s c c  been observed by Shal’nev (10) using a circular cylinder

norma l t c c the dir ection of the  f l o w  in a two—dimens iona l  v e n t u r i .

Pitting near the l eading edge of a model as described in this

study has been observed by other investigators. Rasmussen (21) noted

damage necmr the leading edge of a developed cavity on a b~ unt body . He

c c l  m l , i te’ d t h a t  t h i s  was caused by t he  r u p t u r e  fo rce  requi red  to

,e’lc,crate li quid from solid in this area , based on the theoretical

tensih s t r e n g t h  i water . Sato et a l .  (5) also observed this pitting

near t h e  l ead ing  edge of a cavity on a hemispherical—nosed body. They

a t t r i b u t e d  the  p i t t i n g  to be caused by t fme c o l l i s i o n  of smal l  meta l

c , m r t i c l e s  In  the  test  w a t e r .  As s t a ted  p rev ious l y ,  r e s u l t s  of t h i s

inves t i g o t  ion t end to show the damage Is caused by the pressure rise
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due t o  t i m e  reentrant jet striking the’ leading edge of the cavity. This

p r e s su r e  r I s~ w o u l d  t e n d  t o  c o l  lap se m v  s m a l l  c ’a ’ ’ i  t a t  ion h u b b i e s  in

the are’,i and e,nmse pitting . If time’ damage  were due to the  col 1 is ion

ot  metal p a r t ic l es w i t i m t h e  s m j r f c i c e , t ime  p i t s  would  he i r r e g u l a r  in

sh u i l c e  and e l c u r m g c m t e d  in t i m e  d i r e c t i o n  of t ime  f l o w . T h i s  was not  t he

case  f o r  t h i s  i n v e s t i g a t i o n . The p i t s  were  smooth round i n d e n t a t i o n s ,

s i m i l a r  t I c  t h e  p i t s  in  tim e maximum damage zone . The r u p t u r e  m e c h a n i s m

proposed  liv Rasmus sen  appears to be’ questionable since it has been

shown (22) that the cmctual tensile strength of water is far below the

ue cr et  ical  va lue .

W i t h  r e f e r e nce  tc u the cavity cyclic behavior , it was stated that

t i m e S t r o u h a l  number  based dun model diameter increases with cavitation

index. ‘th e elo ta of Knapp in R e f e r e n c e  17 and page 166 was p l o t t e d  in

similar fashion as shown in Figure 38. The s i m i l a r i t y  of results is

appa r e n t .

In r e p o r t s  c c l  p r e v i o u s  i n v e s ti g a t i o n s  in the  i n c u b a t i o n  zone ,

there w a s  no menticr i of corrosion of the models. This could be due

m c  many re ;ms ccrm s . The alloy content ( c t  t h e  tes t  m a t e r i a l s  f o r  the

other t e s t s  cou ld  have an e f f e c t  upon t h e  corros hun resist lace’ . The

most likely expl um nc i t ion is the differences in the water used in each

f a c i l i t y .  As s t a t e d  in Append ix  F , c h l o r i d e  ions  and b i c a r h c u n , m t e  mus t

be pr e’-~ent , along with copper and oxygen for p itting to occur. The pH

cu t  t t c ~ w a t e r  in each ti st could a lso  a f f e c t  t i m e  e o r r c m s i o n  r e s i s t a n c e .

It was reported in this Invest i g i l  Ion that t h e  average ’ size of the

c,ov it -i t lorm pits Incre -m sed to the fifth power of velocity and the total

collapse energy absorbed per second to the eleventh. S-ito et al. (5)

also measured some pit vo l umes for their study, alt hough the method for



50

determinin g t h e ’ p it volumes and the overall p it vo l ume scaling

relit i cu n shi i p  Is open t m c quest ion. Their f i n d i n g s  sh o w e d  t h a t  t he  t at al

ra te c i t  “vo l ume loss ’ , as it was termed by the invest i g a t u rs , was an

ex i u c u n e n t  i-i l I m e t  i cu o of velocity. The data show a decrease in the rate

‘f t u c t ii volume loss for cm change in velocit y from 30 to 40 m/s€’c and

t h e n  cm rap id increase ta the maximum test velocity of 70 n/sec. The

d e c r e a s e ’  in t h e  d i t m  may be due to experimental error in the method

c it vo l ume measurement. Their data is shown in Figure  56 p l o t t e d  on

log—log graph paper. If the data point for a test velocit y of 30 n/sec

is d i s c c c u i n t e d , t he  r a t e  of vo lume loss shows an increase  by

a p p r c c x i m a t c l y t h e  t e i t h m  power of v e l o c i ty . This is in  r easonab le

agreement with findings of timis investi g it ion. Sato et al. also

uh ’u ’e l oped  r e l a t i o n s h ip be tween the  f r e e  s t r e a m  v e l o c i ty  and the

pressure field around a bubble. Their solution ~ ‘m s based on that by

frilling (23) and found that the maximum pressure on the huh’ le wall

‘~‘ c m n e’s w i t h  t h e  e l  e v e n t h u  power  of v e l o c  it~



CHAPTER 4

CONCLUS H INS ANt) Rh- (’fl~lMFN ’l)ATI I INS

4.1 Summary of This Investi gation

The damage in it s initial stages was iii the form ccf small

indent c t  i o n s  in the surface. The p its were round depress i ccns usual ly

under 0.1 mm in diameter with the majority less than 0.05 mm across.

l ) u r i n g  t h e  f o r m a t i o n  of t h e s e  p i t s , i t  a p p e a r s  t h a t  no m a t e r i a l  was

r c ’ r c , ’ye’d I ron the surf cmce. For the incubation zone , t he  r a t e  of damage

accumulation is a , - ,uns tant for a given flow condition . Using an

annealed 1100 aluminum test probe , cm sufficient d a mag e  sample could be

‘lct ciined in a relatively short period of t ime .

It vms ob’~ ’rved that the velocity has a ma rked effect upon the

rite ot damage production. For a v e l o c i ty  r ange  irom 14 .9  to  59.3

n/sec , time damage’ m d  P i t t  ing r a t e s  increased by c m p p r o x i m a t c ’  ly t h e

sixth power c u t velocity . The velocity also affected the’ sizes of the

individua l damage p its. The average volume of the p its increased by

the f i f t i m  power c u t  veloc it” . The volume of each p it is a measure  o t

the enerpv requi rid t i c  t o r m  i t  SO t h e ’  average  co l l apse  energy  c m h s o r b e d

inc recises tc c the t It th i u u c w e n  c i t  velocit y . A rel cit i ccrmship between the

p it vo l utu u le cm nd the ,ii csccrbed collapse energy was obt ,cined by p e r f o r m i n g

i d’-mi imuu j c hardness test on the model mat c r i m l .  Since the pitting rate

Inc reases by th e sixth power ot velocit y and the ivcrage collapse

energy absorbed per pit m ere - i s i s by the fifth power , the total collapse

energy absorbed by t u e model per second Increases by the eleventh

power. The p it volume Is a measure of t h e  bubble c o ll mj cs e energy
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c i b s c u i h e d ;  t h m e r e ’i cu nt ’ , ci p i t  of the volume distribution for a g iven

low c ,u ndi t ion is c.mIs ’ ) c p l u ut ot the bubble collapse energy distribution .

Sm ich a p l c ct. wa s  g c ’n e ’ n c m t e d  to show the  p a r t i t  ion of co llcm p se energ ies for

thr e e’ fl ow conditions .

I t  was observed t h a t  t ime  a i r  c o n t e n t  and d i m e n s i o n l e s s  c a v i ty

l c ’ i u m ~t h  a l s o  at I ect ‘ ci t h e  damage . For a doub i ing of t h e  a i r  c o n te n t

f rom lO t 21) ‘ j I l l , t h e  r a t e  of  damage p r o d i i c  t ion was c u m t  near l v  in

h a l t .  l u c r e  was a lmos t  no damage to t i m e ’  m o d e l s  c u r a very ‘, I c , u r t  ca v i t y

- r u c t h .  \s t h e  l e n g t h  incre ’cmsed , so d id  the  damage . ‘H u e  da mage

ne ’~ c c iue ’d a ueak and then slowly dropped off t a r  longer c a v i t  [e s .

i r on high speed movies of t h e  cavity behavior , it was seen that

t ime c c m ~ ’l t v  regu i lc i rl y b r e a k s  o f f  f r o m  t ime model  s u r f a c e .  T h i s  is due

to  m r e e n t r a n t  j e t  moving  t h r o u g h  the  c a v i t y  and s t r i k i n g  the  l ead ing

edge’ ct t h e  c c  i t ’ . 1)0 many of t h e  models , p i t t i n g  was u n s e r v e d  near

t hme ’ leading edge . It is felt that this could be a r e sn ~~t of t he

reentrant jet beh avior. When t h e  j e t  s t r i k e s  t h e  c a v i t y  w a l l , i t

~ r , m t  e s cm ‘-, i c u u r t  I c flim juress ire rise , c c m u ms i n g  any small  c’ c m v i t a t i o n

bubbles in that area t,u collapse. If t ue co l l a p s i n g  bubb le ’ s are near

the model su rf ace’ , damage t c u  t h e  model  cou ld  o c c u r .

l i m e ’  e l  t ect c u t c iv itat i du n upon t h e  n i t  e cd corrosion of aluminum

was not  full y exp lored . Cene r ,m l observat i o n s  showed cm s t r o n g

r e l i t  ionship betwe en t i m e ’  cay it o f ion and c o r r c u s i  c url , with c c c v i  t i m  ion

tend ing to increa se the c cc rrc cs i d c n rate. For observation of the

ec c rr u cs ion damage and cavitation pitting , time scanning electr ,cn

n ih  r u s c c c p e ’  proved to he a most u seful tool. Cl ea r views of the damage

were o b t o i n e d  it h igh  mn agn i f l ccm tlm c n s and depths of f i e l d .
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In genera l , gu c c u d u c u r r e l u i t  ion  ccf d c m t i  was  f ound wime n cm c ’ d c m u c c m r  i s c c n

was m o d e  w i t  I m time re ’sul t s of o t her  i n v e s t  i gat  ions .  ‘ l i i i ’  s i  x t  h power

damage r i t e  l i v  and t i m ’ c i c t u a l  d a m ag e  r ; i t e ’s  Involve d showed g c u c c d

m g r e e ’m c ’n t  w i t h  t h r e e o t h e r  i n v e s t  i g a t  i ons . The l n t e ’r c ’ s t  i ng  t e a t u r e

at  t i m  i s  c cmp ar  i s m c n  i s  the f c c t  t h a t  even t h o u g h  t h e  s i z e  u m n d  s h a p e  m c f

the m o l e ’  l s  used in each of t h e  to’ r i n v e  s t  I pci  t i ,cn s  we ’re s i gn i  I i  c c u l t ly

d i t  I er ’r i t  , tI me rc ’c c c r d e ’ ch d cr T ucmg e r a t e s  we ’re  cp p r o x im a t e’ l y t h e ’  same (in in

‘ u l u , i l  v e l c c c  it \ ’  has  i s .

4.2 Re ’c,uuuin uendations for Further Study

It is felt that a study of cavitation in its initial stages can

p r c ” ide  much  u s e t u m i  i n f o r m a t i o n .  M o r e  investi gat ion is needed in many

ci rec o s. Tests with varying model sizes and geometries should be run to

be c e r t c i n  of  cmv s ca l i ng  r e ’ l . c i t i o n sh i p s .  A most  i m p o r t a n t  s t u d y  wou d

~ce  to  develop possibl e ’ relationships between damage in the incubation

z,une and in t h e  wei ght loss reg ime . Care w o u l d  have  to be’ taken tm c

avoid u c iv i t c Itidc n—corr us ion intc nclc ti c n s . A useful investi gation could

h i ’  a s t u d y  w im e r e , a t  u n e ’  s e t  cf flow conditions , models were ’ run for

successively long~’n periods of t ime . The ’ t r c i n s  i t  ion f r o m  i n c u b a t i o n —

tc u we’igim t loss c - m n  then he obse rvech . Observa t ion of time damage with

t i ’  S}~ -l could then prcmv ide Information as to time steps involved f u i

Ight 1(m ,ss c l u e  t o  c l v i  i c  t ion.

The conce i t of t h e ’  bubble’ c c c  i l ;m p s e  ene rgy  d i s t r i b u t i o n  should be

more f u l l y  e x p l o r e d . T h i s  m o u l d  be ci most use’I m il tool in L e s tudy  of

ca v i t i t  i u d m m  m t cm tnc ig e  i e ’ c i m i i n g  t cc the eventual pred l l ion of damage

sustained by c p r c c t o t v p c ’  In the field. Bubble energy distributions

tor m w Ide~ r ou m pc of test condlt. ionS c o u l d  he genera l c c l .  For set flow
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condit Ions , t h m e ’ s e  energ y d i st r i b c u i t  ions would not change regardless of

the ’ te St mate rial u t  I I  ized ; m c i i l v  t h e  m a t e r i a l  r e sponse’  wou ld  c h a n g e .

A s t u d y  i f  t i m e  r e s p o n s e  of m a t e r i a l s  to  i m p a c t  l o a d i n g , such as t h a t

e’nc ’um nt ered in time cavitc m t ion damage process , is necessary . The

problem thu e rm is separated into the hydrodynamic aspects and the

me c h a n i ci l  r e s j u u u n s e  of m a t e r i a l s , I t  i s  f e l t  t h a t  such a s t e p — b y — s t e p

a p p r o a c h  to t h i e’ c a y j t ,m t i , u n  damage problem could lead to the prediction

c i t  d amage  t uc a p r o t o t y p e .



55

RE FE REN CES

I. Silherr ,im l , D., ‘ Propeller Erosion ,’ T-~ngineering, p. 33 ,
, l , c n u a r v  l ’~ , 19 1 2 .

2 .  Th i r u i v e n g a d a m , A . ,  “ A C o m p a r a t i v e  E v a l u a t i o n  of C a v i t a t i o n  Damage
Tes t  D e v i c e s , ” i b v d r c c n , m u t  I cs , I n c o r p o r a t e d , T e c h n i c a l  R e p o r t  2 3 3 — 2 ,
1 ( f c 4

I .  Kna p p ,  R. T. , ‘ Recen t  I n v e s t i ga t i o ns of Cavitation and Cavitation
I ) c c m c m p e , ” T r a n s .  ASMF . 77 , pp. 10 4 5— l 0 ’ u 4 , 1955.

4 .  H a c k w o r t h m , J .  V.  cm nd A r n d t , R .  E .  A . ,  “Pre l imina ry  Investigations
of t h u  S ca l e  E f t e ’ c t s  of C a v i t c i t ion  E r o s i o n  i n  a F lowing  Media , ”
1974 C m v i t a t i o n  and P o ly p hase  F low Forum , A SME .

5. Sci t o , R . ,  K a t o , H .  and Tami ya , S. , “ S t u d y  on C a v i t a t i o n  Er osion ,”
1 . Soc. Nay . Archit. Japan , pp. 4 3 — 6 3 , N ovember 1973 ( i n  J a p a n e s e ) .

6. Kerr , S . L. and Rosenberg, K., “An Index of Cavitation Erosion
by Means c u t  Radio isotuu p e’ s ,” Trans . ASMI , V ,cl. 80, No. 6,
pp. 13 (18—1311 , August 1958.

7.  Tli i r u v e n g a d cm , A.  , “ S c a l i n g  Laws t c c r  Cavitat ion Erc ”-uion ,”
h 1 v d r c c n ~m u t i c s , l n c o r p c u r a t e d , Techn i c c m l  R e p o r t  2 3 3 — 1 5 , p .  8,
l)e emh e r  1971.

8. Rasmussen , R. ~~~. H., “ Same’  F x j c e ’ r i m e n t s  on C a v i t c t i o n  E r c ’ s i o n  In

~‘ : , m te r  M i x e d  w i t h  A i r , ” C i v  i t c i t i o n  in livd rd ud yna mics . (l ’ t c uc  . ~~ct ‘1

Phys. Lab . Svmp.), Pajce’ r ~icc . 20, H .  M .  S t , m t i o n e r ’ ,’ O f f i c e , London ,
1 9 0 ,

‘- I . T h i r m i v e r m g m d a m , A.  , ‘‘ Handb o m k  c u t  C avi t ct i c ’ r m  } ‘ r , c s  ion , ’ b h v d r u u n , m i m t  ics
1111 c c  r p c  c r i  ted , ‘l e c h n i ca  I Rel~ i r t 730 1—1 , p. t S  , - t c c n m i , c  r y  197- c

1(1 . Tim! r u m v e ’ n p , m d a m , A .  , ‘‘ Handbook c f  C c i v  it c o t  Ion  E r o s i o n , ’’ H y d r o n a u t  ics
I r i c c u r p o r c t  ed , T e c h n i c a l  Rep ‘r t  7 ~u ) l  — l  , p. ‘99 , lc m i ’m m m c i r v  1974.

11. M c c u s s c u r m , J. M., “Pitting Resi stan ce of Metals Under CaviLution
Co n d i t  i c c n s , ” trans. ASME , 59 , pp. 3 9 9_ , ue ( 18 , 1937.

12. Wei r , 0. 5., “A n Ex p er mnuc ’ i m t cl and Theoreti cii invest igui t ion c f

‘[‘hermodynamie I- J fe c ts on Developed Cav it cition ,” The Pennsy lvania
State University, ARL TM—34 , Feb rm i c m r v 21 , 1975.

13. Hol 1 , . 1 . W. , ‘‘U ,mv i t cc  t i n  Re~~eci rm im Fac ill t ic- at the Ordnance
Rese m rc b m Laboratory of The Pennsy Ivan ii  St it e l’nlvers i ty
mre ’se nted at t he Sympos lum on Cavi t c i  t ion Re ’seci rc b c Cacti Ities and
Techniques , Fluids Eng inee ring Confer enc e, AS~II~, Philadel phia ,
Pennsylvan Ic i , May 18— 21) , l’lh ”c

_______________ - - ft



56

R E E F R I N Pu ’ S ( p o I N t

i c . l ,e ’ immm n , A.  F . ,  ‘‘ l i m e  l , , m r f  i e ’ld  l ’ h i c c m c i s  W a t e r  1 u i n r u ’l ,‘‘ t~rdnance
Re ’u - ’e ’ c l r c h m I , c l c u r c i t u u r v  , T b m e ’  P e n n s y l v a n m c i  St ,mte t’ n i v er s im V .
S e r i a l  Sc ’ . N u l m d  1 6 5 9 7 — ’ h , S e p t e m b e r  30 , 19 9.

15 .  W e i r  , I ) . S. , B j ll c’t , M .  I , . and l ioli  , J . L ., ‘‘ l i e  1 . 5  Inch
1 1  t r c i — H i gh—S peed L a v i t a t i c ) n  ‘[‘none I c t  t h e  App l  h ’d R e ’ s e , m r c i c
l. c m i i u c r  c i t  c u r y  o f  The P e n n s y l v a n i a  S t  c t e  I ’ n i v e r s  i t v . ’’ A R t .  TM
7 u — l88 , J u l y  10 , 19 7 5 .

I n . I c ibor , 0. , Time H a r d n e ss o L  M e t a l s ,  pp. l l S — 1 - i l l , ( x l  c ’r d , 1951.

17. Knapp, R. ‘1’ . ,  D a i l y , J. W. and Hammitt , F. C., Cci vitc m tion ,

~‘h L rc mw—hI ill , p . 325 , 1970 .

18. , \ i u n i u u m n c , V o l .  1 , p r e p a r e d  by A l u m i n u m  C d u m p c n v  of  A m e r i c a , E d i t e d
h’: C .  V c u  H o r n , M e t a l s  P a r k , Ohio , A m e r i c a n  S o c i e ty  f o r  M e t c ] s ,
p .  312 , 1’~( u 7 .

19. Ei se ’nh c r g , P . ,  “ C a v i t a t i o n , ” I n t e r n a t i o n a l S c i e n c e ’ and Technology ,
pp. 7 2 — 8-c , F e b r u a ry  1963.

20. H a m m i l t , F. C . ,  Chao , C . ,  R Un g , C. L . ,  M i t c h e l l , T.  M . ,  and
Rogers , 0. 0 . ,  “ A S ’I ’M Round Robin  Test with V ibr ,c tor y Ca y itcc t ion
and Li q u i d  Impac t  F a c i l i t i e s  of 6 0 6 1 — l t u ’dl Aluminum A l l c c v ,
316 Stc iniess Steel , and ( c u u u u u u u t ’ r c i c i l l y  Pu re  N i c k e l , ” M a t e r i a l s
Research and Standards , Vol. 10 , N c u . 10 , pp. i’— 2 3 , Octobe r l~~7 Q .

21 . ‘‘ lI ,~jmd hoc k of Cay i t  ct ion i ) c m m , c  pe , ‘‘  H yd r on a u t Ic s , Incorpo rat e d
Technical Report 233—8 , p. 2 6 , M , m r c i c  1965.

22. Knapp, R. T., Dail y, J. W . and Hammitt , F. C., P i v i t ± t i ’ r i ,
Mc G r a w — H i l l , p.  52 , 11070 .

23. ‘fr tiling , L . , ‘‘‘l i me’ P u c  1 1  • m p s e ’  and Rebound O f . c I u , c ’ , Bubble ,’’
I . Appl. Phys., 11 , pp. 14— 17 , 1 952.

13. RayleIgh , Lord , “ ( ff l  time Pressure I)eve lcuiued in a LiquId During the
C o l l a p s e  o f  a Sp im er Ical  C m v  i t  v , ‘‘ Phll osop hl cm l M ,m g,mz m e  , Sc ’! i c’s a
Vol. 34 , pp. 94—98 , 1917.

25. Hickling, R. and P1 esse’ t , M. S ., “Collapse and Rebound of a
Sp her Ic c ml Bubble In Water ,” The Physics a t  Fluids , Vol . 7,
N u c . 1 , pp. 7—14 , January 1964.

16 . P l e s set , M. S. and M itchel l , T. P., “(In S t a b i l I t y  of the Spher ical
Lbc ;m p e ot  a V a p o r  C a v i ty  i n  a L i q u i d , ” Q u a r t e r l y  J .  App I .  M a t h . .
Vol. X lI1 , No. 1 , p .  4 19 , , I a n u a r v  ],~iOc .



57

R E F E R E N C E S  (CONT .)

27 . Rat tr ,i\ , Ii., “Perturbation E f f e c ts  in B u b b l e  1)ynamics , ” N m .  D.
Thesis , Califorria Institute of Technology , June 1 951.

28 . K o r r o f e i d , M .  and Suvorov , L . ,  “ On the Destructive A c t  i c u n  of
u ’ , c v i t a t i u c m ’m ,” 1 . App i . Phys ., Vol. 15 , pp. 49~ —5 O6 , June  1944 .

IY . N,c m mcl e~, C. F. and Ellis , A. T., ‘On the Mechanism of Cav itati en
i I , cu iu , e~~e ’ h~’ N 1 u l m b m e m i s I c h u ~r i ’ c m l  C a v i t ie s  C o l l ap s i n g  i n Co n t a c t  w i t h

S o l i d  Boundc m rv , ” Trans . ASME , V o l .  D83 , J .  Basic E n g . ,  p .  648 ,

30. Be n j a m i n ,  T .  B.  and E l l i s , A .  1’. , “The Co l l apse  c cf  C a v i t a t i o n
Bubb les  and t h m e ’  P r e s s u r e ’s  Thereby  P r c d m m c e d  A g a i n s t  Solid
B o u n d a r i e s , ’ P h i l .  Trans . Royal Soc. London , A , Vo l . 260 ,
pp .  1 2 1 — 2  ~ I , l5~ ch

31.  S i m u c t  i c r , ‘.. I) . ;i nd M e - s l e r , R. B., “A Photographic Study of the
l ) v n c m m i c s  and l ) , i m c c g e ’  ( c m 1 u , i h i l  i t  h i  of Bubbles Collapsing Necir Solid
Boundari es ,” J. Basic Eng., I , c p e r N c c . 0c 4—WA /FE—l 3 , 1964.

32. E l l i s , A .  T., “On Jet’-~ and Shockwaves from Cavit ation ,” 6th Naval
hl v d r c c d y n , c r n i  c -c Sv m p c c s i u m , Washi n g t m c n , DC , S e l c t e m h e ’ r  1966.

33. Taylc cr , C. I. cm nd Quinney , H., “The Latent Energy Remaining in a
M e t - m i  After Cold Working ,” Proc . Royal Soc . London , Ser i es A ,
\‘c u l .  133 , H i t —  14 .

34. T h i r u v e r og a d am , A.  , “ Handbook o f Cav i  tat ion Er c s ion , ” II\ ’ u i r o n a u t i c s ,
I n c o r p o r a t e d , Technica l  Repor t  7301—1 , p .  1 4 5 , ,J a r iu a ry  1 9 7 4 .

35. Th i ruvengadam , A.  , “ Handbook c c l  C a v i  t a t i ‘0 E r c ’s i o n , ” l t v u i r c n c m u m t  ics
Incorpor.m ted , Technical R e ’ p u c r t  7301—1 , p. 13 7 , January  1974.

‘36. Thi ruvengadam , A. , “Handbook m f Cavitat form Erosion ,” H dronaut ics
ln c o r p o r ~c t ed , ‘I’ec h nl c a l  Repo r t  7 3 0 1 — 1 , p .  148 , . I c m n u ar v  1974 .



APPENDIX A

*THE DYNAMIC HARDNESS TEST

Time dyn&mic hardness is a measure of the energy required to

generate a p it of a known volume at a high strain rate. In a dynamic

hardness test , a hardened steel ball is dropped onto the test surface

and t h e  heig ht nf the rebound is measured . By knowing the change in

t’rme ’rgv between the drop height , and rebound height , and the volume of

the p it thus formed the energy per unit volume of material displaced is

calculated .

The dynamic hardness can also be thought of as a mean dynamic

pre’~ sure resisting the deformation . As a first approximation , it is

u i s ’ -~umed that this pressure is a constant throughout the duration of

th e impact.

By definition:

- 

E
1
- E

2
P
D

_ H
D

_ 
‘

where  E
1 and E

2 are the drop energy and rebound energy, respectively,

Is the volume of the indentation , and or R
D 

are the measure of

the  d y n a m i c  h a r d n e s s , 
~D 

given in units of pr essure and HD in units of

energy per unit volume .

The indenter , a hardened steel ball , has a mass , m , a rad ius o f

c u r v a t u r e , r 1, and f a l l s  f r o m  a hei ght , h 1, onto the test body. After

*This appendix is based on the Information presented in Reference 16.

- ~~ - - ~~~~~~~~~~~~~ -
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the hail strikes tu e  body, it r e h c cu n d s  t c c a ime ig l it , h 2, and le’ , ’vc’s an

i n d e n t a t i o n  of  d i am e t e’ r l)
11

2 ; m i n  the ‘-cu rt ace , Fi gure 1 0.

Ass ume the  ene rgy  of t h e  rebound  i s  e q m i . c l  t o  t I m e ’  ‘ ‘ T m e ’ r g v  ln v o l ’ ,’ e ’ c l

in time re l e ’ci se ’ of  t he  el m s t i c  s t r e s s e s  in t i m e  In de n t ,mt i n , t i m e  r i d  i u l s

of c u r v a t u r e  of time p it , r~ , w i l l  no t he the s cm ’, ’ c m s  t l m c  I n d e n t e r , h u t

w i l l  be sc ’rn e ’w l m a t  greater . The relationship between r
1 

and r , is to he

d e t e rmined .

Assume tha t the indenter were again placed in contact wit im the pit ;

t h e  s ides  of  t h e  p i t  would not touch the side of the ball. If a

su i t a b l e ’  load , F , were a p p l i e d  to the ball , the ball would be in

c u c l i t a c t  w i t h  t he  s u r f a c e  over a d i a m e t e r  DH =2 a which is g iven by

Hertz ’s equation:

F r  r,.,
= 2a = [6 L 

f(E)J ”’[ , ( 4 )
r
1 

r
2

re

(1 - 0
1
2) (1 -

f ( E )  = 4
E
M

and core Poisson ’s ratio for time indenter and the mat e ’ ri , ml

rt’spe ctive ly, and E
1 

and E
M 

are the Young ’s mod ul i.

The t crce on t i m e  ball Is initiall y zero and rises to time value , F,

when the ball has full contact with the indentation as given by

Equation ( 3 ) .  At ally intermediate point in the deformati on , the area

of contact between the Indenter and the sample imas ci d iameter 2~~, where

o ’ cm , and t h e  f o r c e  on t i m e  i n d e n t e r  is given by:
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F1 = F . (5 )

The d i’~t cince , z, the center of the indenter sinks below the initial

point i s  g i v e n b y :

.~ F
Z = 

_
4,
~I f ( E )  . (6)

Su h s t  i t u t i n g  E q ua t i o n  ( 5 )  i n t u c  Equation (6) yields

2
= ~ F~~ f ( E )  . (7 )

4cm

The tm c tc i l ~‘lasti c energy is then given by the integral of

F
1 dz = F

1 
3/2 —i- f ( E ) d c c . (8)

1\t t e r  s m t ) s t i t u t i o n  f o r  F 1

= J F
1 
: J 3 /2  ‘

~~~~~ ~~ t ( E )  d~ (9)

= 3/ 10 — t ( E )  , ( 10)

where is the t (mtal elastic energy .

The t c c t a l  elastic energy is equated to the energy of the indenter

r ebound

~ 
EE 

(11)
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2
mgh2 

= 3/10 f ( E )  . ( 1 2 )

As a first approximation , the volume of the  p e r m a n e n t  i n d e n t a t i o n , V~~,

is ,‘iven h~’

V =
~~~~

- ‘

P - c c
2

By definition ,

— I , mg 1h 1 
— h2

j (13 )

and

— 
~~~~ — 

~D 
‘ •

E’~,~ ress ti m e radicas c t  c u r v c s t ’ u i .  a t Ui. -

t h e  lnd ’ ’ u m t  - i  r e f  I c is , 1’’.’ m ‘ . ci a .. ‘t  ~° .-  ‘ -

‘

~~~ 

I
i

Hence ,

- F , — 1’
D ~~~~~ ~

‘
t 
(~~~~) 

i c
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but by definition , at the end of the indentation ,

F — P 1yT a
2

s irmd ’ e’

F = J PD 2rxdx = P
D~

a
2

so that

E l
_ E

2 P D~~~
_
~~

_
~~~~~~~~

f ( E) . ( 1 7 )

Cc ’ifl I ci r e’ the second term of Equation (17) to the total elastic energy ,

Equation (10),

f ( E )  = E
E 

. (18)

I m e r i t  o re ,

— E
2 

= 1
D ~~~~ 

— E
2 

(19)

S i  1mm e’

E F E2
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The dvn ,mm I c h a r d n e ss is then

m g ( h
1 — 

3/8 11 2)
V 

‘ 
‘ 

(20)

vim e r e

4
Tra

a 4r
1

i s  t he  ap p a r e n t  v o l u m e  of the indentation as if the pit had the same

radiu s of curvature as the indenter.

ti me’ a p p r o x i m a t e  t i m e  of f o r m a t i o n  of the  p i t  created d u r i n g  the

dynamic hardness test can be found from the following relations .

Assume the indenter is undeformed during the collision , the impact is

predomin antly plastic , and t h a t  t h e  d y n a m i c  h a r d n e s s  is an ave rage

constant t h r o u g h ou t  the collision.

C o n s i d e r  an i n d e n t e r  cc l radius , r1, and mass , m. At any i n s t a n c e

during the collision , the indenter has penetrated cm d i s t a n c e , z , w i t h

time indentat icun having a r cc l i m is , a, wher e t c u  a f i r s t  a p p r o x i m a t i o n

2r
1
z — a

2
. The force dun the sphere at this time is PD TIa 2 or P 1) 2~~r 1z

w h e re 1)
1) is the mean dynamic pre ssure ’ .

The equation cut motion is:

P
D

2’II r 1z —m (21)

or

2 2ri r P1 D 0 (22)2 mcit
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The’ s c c l  ut ion  im as t ime ’  t orm

2T1r
1
P

1)
z = C sin 

m ~ (23)

‘ l i m e  end of p it f o r m a t i o n  occu r s  when d z / d t  = 0 or when

~~~~~~~~ 

~~~~~~~~~~~~~~~~~~~~ 

. ( 2 4 )
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THE SCc\NN I Ni ELEC’l’RON MICROSCOP}-

I n the’ s c a n n i n g  el , ’ c t r o n  m i c r o s c o p e  (SEM) , a finel y focused beam

ot hig h ent’rg’.’ electrons (5 key — 30 key) is scanned across t i m e  su r f ace

ot the sample in the form of a small r e c t a n g u l a r  r c m s t e r .  The high

en ergy incident beam dislodges low energy electrons (1—50 ev) from

th~ sample sur b ccc e ’ . The emitted low energy or secondary electrons are

collected and accelerated by a high voltage grid to excit~’ a

scintillation detect or . A photomulti plier tube then produces an

e l e c t r i c a l  signa l which is amplified and displayed on a ccmthode ray

nb c’ (CR1’) as cm spot

Time prima ry e’ i ectr u cn beam is scanned over the r ,mster area in

synchronization with the cathode ray tube beam . Hence , each point

along time rcster cm c r r e s p o n d s  to an equivalent point on the CRT . The

intensity ot~ each point is modulated in proportion to the signal t rom

th e detector. It is t i m e  r ap id d i sp l ay  of the  many p o i n t s  t h a t  t o g e t h e r

c r e , c t e  t ime ’ t ’ ’ t c m l  image , muc im t he  same as on cm television screen.

The d i s p l c m v  of t h e  m t  c , r m a t i o n  can t a k e  va r ious  fo rms . The most

widely used is the ms t scan in which long glow phosphors on the CRT

s c r e e n  r e t c m  in the tn t  ire Image.  i” cc r  p ho t c g r m~u i c  i m g  time image , a slower

sc - c o n n i n g  r a te  is used w i t  c i a short glow phosphor CRT . The slow scan

g ives the  d e t e c t o r  cm l c u i m g e ’ r t ime t o  c u t u t a l n  cm signal  at e’ae ’ i m  po in t  and

therefore increases time signal—to—noise r a t  i c c . The short glow phosphor

inc re’cist’s ti m e’ r e ’sculution of the image for pho tog rap hic  purposes . There

are usuall y between 500 and 1000 lines per scan t o  present the final
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image . Time s i p u c i  f r c c m  t i m e ’ uie ’ t e ’c t c cr can c m l sc c he fed d i r e c t l y  m m c c  cm

c~~ t c c I c u i t  e r or s t o r e d  m c n t m j ce ’ for I urther analysis.

The ’ m c ig i m 1 i c c c t  i ‘n of time’ s v st  ‘ ‘ni c m l  c m v  t ime is equ cil to the r i m  in

c t  t m c  si lt ’ c u t  di p l o y  to the  d i stcm m uce scanned  on t i m e ’  s u r f a c e .  The

spa t  i a l  re ’ s u c l u t i m u n  cct t i m e ’  Si~~i i s  l i m i t o ’ c i  by m a n y  f a c t o r s .  When t he

i n c  d e n t  e l e c t r o n  beam s t  r i k e ’s  t he  samp l e’ , i t  may pen e trate t u ’  ci depth

c i  ‘~~ ‘, - , - r , i l  r i m u  t o n s . ,- \ i  te l ’ p e n e t r a t i o n , t h e ’  bea m also sjc re’cmds out into

a t e , m r d t u l u  shape , Figure’ 57. The s e c u c n d c m r y  e l e c t r o n s  w h i c h  are gene ra t ed

wi t h i n  10 t u c  50 A c c l  t h e  s u r f , c c e  w i l l  e s c a p e  and be collected . Even

0
thoug iu t i l e ’  d i a m e t e r  of  t i m e ’  inc i d e n t  beam may be as smal l  as S u\ at  t h e

s u r t a c - e ’ , t i m e  s p r e a d i n g  c u t  c m l  t er p e n e t r c c t  ion decreases  t h e  r e s o l u t  i o n .

As th e ’  p r i m a r y  e l e c t r o n  beam imp inges on the  s u r f c c c c ’ , no t  all the

cleu t r u n s  are absorbed , a s m a l l  p e r c e n t a c e ’  have e la s t i c  collisions with

the c c t c c n c s  of t i m ’ sample and escape from the surf ,cce . These’ are h i gh

e’ne ’ rg ’,’ e le c t  r u ns t h a t  t r a v e l in s t r a i g h t  I ines and are termed back—

Sc m t t e r  ‘ l e c t r c c n s .  The secondary  e l e c t r o n s  have to be dravn to t h e

d c i ,  t c c r  w i t h  t h e  high volt , m ~~e ’ b i c m s  due  t o  t i m e ’  i r low energy . If the

h in s  on the  1 , 1  ect ci ’ is removed , the sec- u n u l c m r i  c’s w i ll fl~~t have t he

ener gy to re ich  t i m e  s c i n t  i l l  , m t m ) r .  The b a c k s c a t t e ’r e’l e’c t rons with t h e I r

hi gher , ‘ r m , ’r g y  can trigg e r a signal and be re’c ccr d ed .

The b cmc ks e  c i t  te ’ r e ’ l e c t r u u n s  i re  a n cc st useful imag ing mechanism.

S i n c e ’  i i - , travel in straigh t lines , the~’ f o r m  v e ry  d m s t  i n c t shadow

zones if an c c t uje ct on the su i rface blocks their path t o  t i m e  detector.

The hack sccmtter mode of operci tion is ana l o gc cmm s to i l lu m i n a t i c c n  01 an

obje t w i t  ii ci col 1 lri mcmt e d ii gu t  I c e ’ c m m  c O i l s  ing d St net stmc me low reg ic’n s

The sec - c c n c t , m  r v  e’ I eu t ron Image may he t h o u g h t  of Is d i f f u s e  i l l u m I n a t i o n

where time con trcms t is not as great. The hack s ’mtter imaging Is m e m s t
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useful in observing structures with only slight topographical variation.

Only a small percent of the backscatter electrons are collected , so the

signal—to—noise ratio is much lower than in the secondary electron mode.

Th is problem may be par tially reduced if the area of observation is

tilted towards the detector giving a higher sample rate. Also , the

resolution for backseatter ia decreased due to the larger volume of

influence after striking the sample surface , Figure 57.

With  suitable modi f ica t ion  of the electronics, the SEM is capable

of perf orming a chemical analysis of a sample . When the primary

e lec t ron  beam str ikes the surface  at a point , X—rays characteristic of

its elemental nature in the region of penetration are emitted . The

energy of an emitted X—ray photon is converted into an electronic

pulse in a l i th ium d r i f t e d  silicon crysta l  de tec to r .  The pulse is

proportional to the eu ergy of an incident X—ray . This type of detector

is termed an energy dispersive (ED) detector. The pulse is amplified

and fed into a multichannel analyzer where it is stored according to

its energy in the proper channel. The resulting energy spectrum is

usually disp 1 ayed on a CRT . The energy spectrum is compared to

reference X—ray tables to determine the elemental composition of the

material.

A limitation of the energy dispersive detector is the low

~2solution (~ l50 to 200 ev). The limit of detection is due to the

energy  of the X—ray ; too low an energy is not detected . The lowest

atomic number that can be detected is 11 (sodium). The spatial

res t ution of the X—ray generation is also fairly poor since the reg ion

of Infl uence Is qu i t e  large , Figure  57.



APPENDIX C

PROPOSED MECHANISMS OF DANAGE

While cavitation damage has been a problem of major concern , the

actual mechanism of the damage has been difficult to determine . Most

investigators feel that the damage is mainly the result of a mechanical

process wi th  addi t ional  e f f e c t s  due to in te r re la t ion  between the

mechanical and corrosive aspects of the problem . Even if the damage is

considered to be caused by purely mechanical means , there are still  a

numbe ’ of mechanical mechanisms that are possible . The following is a

summary of both the mechanical and other mechanisms that have been

proposed to explain cavitation damage.

Mechanical Attack

S,pherical Coll~ p,~e — Figure 58—1. One of the f i r s t  works deal ing

with the mechanism of the damage produced by cavitation was due to

Ray leigh (24). He considered the collapse of an empty vo id in water

and the pressures produced In the surrounding fluid . His findings

showed that for this particular case , high pressures are developed in

the surrounding fluid as the size of the collapsing cavity approaches

zero.

In a later study, Hickling and Plesset (25) considered the collapse

and rebound of a bubble conta in ing  some noncondens ible gas . They

postulated that the shock wave produced by the collapse and rebound

was sufficient to possibly damage a nearby boundary. Since the

attenuation of the w~ve goes like i/rb, where rb 
is the rad ial distance

from a bubble center of collapse , the bubble must be fairly close to
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the boundary for the damage to occur . It has been shown though that a

spher ical bubbl e is inherently unstable during collapse (26) and , in

the vicinity of a wall , the surface of the bubble away from the wall

indents and moves towards the wall (27). The full force of the collapse

would not be obtained due to the nonsymmetrical collapse.

N on symmetrica l  Collapse — Figure 58—2. Kornfeld and Suvorov (28)

postulated that the velocity ot this indentation of the nonsymmetrically

collapsing cavity could be great enough to damage the boundary . The

first major work that showed conclusively that symmetry was not

maintained near a boundary was that by Naud~ and Ellis (29). Both

experimental and theoretical results were obtained which showed that

the indentation or jet did in fact strike the boundary . The impact

of the j e t was “observed” indirectly through the use of a photoelastic

boundary to indicate the applied stresses. Their theoretical analysis

employed a perturbation technique of an initially non—hemispherical ,

axially symmetric bubble in contact with the wall. High speed motion

p ictures of individual collapsing cavities show good agreement between

the t h e o r e t i c a l  and exper imental .

The single cavities were produced by the generation of a spark

discharge in water . A cavity would grow to a point where equilibrium

is reached . Time collapse of the cavity is then studied photographically.

By alte ring the distance of the discharge from the wall , the initial

perturb ations from the hemispherical shape of cm cavity in contact with

the boundary can he changed .

The hccundary was made of a photoelasti c material , CR—39 , so tI’e’

applied stre sses could be observed. The ~e~t itself was not visible I m i t
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estimations of the jet velocity ranged from 91 to 1021 m/sec for various

bubbles . These values are considered high enough to damage even the

most durable materials. In a later paper , Benjamin and Ellis (30)

experimentally produced large vaporous cavities under a reduced

pressure. The jet was observed in this case with its velocity being

approx imately 35 m/sec . If scaled to atmospheric pressure , the speed

would be on the order of 180 m/sec. It must be emphasized that if the

bubble is too far from the boundary, either the perturbation to the

bubble is very small or the jet is arrested by the fluid between the

cavity and the wall or both . This would decrease the damage capability

subs tan t ia l ly .

Final Toroidal Collapse — Figure 58—3. After the Naud~ and Ellis

pa per , there was little doubt that the nonsymmetrical collapse of a

cavitation bubble had the potential for creating damage. It was

mentioned that no quantitative information was obtained with relation

to the jet impact pressure. In a later paper , Shutler and Mesler (31)

dispute the claim that the jet has much potential for damage. Since

there was experimental evidence of damage as the result of the

nonsymxemetrical collapse , they reasoned that the final collapse of the

torus form could pr oduce a pressure  pulse upon r ebound capable of

damaging the boundary.

Af ter the jet has either struck the other side of the cavity or the

boundary , the collapse of the cavity is not finalized , but the cavity

motion continues to a poin t where the minimum volume is reached . Most

com ithors do I m c c t  consider t he col la p se pas t the time when the jet strikes

the hound ,cr,’ . At this point of minimum volume , the cavity is in the
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form of a torus . The cavity will then rebound due to noncondensible

gas in the cavity and send out a pressure wave .

To substantiate their reasoning, it was shown experimentall y tha t

in some instances , the pressure wave emanating from the toroidal

collapse and subsequent rebound may be more destructive than the

initial jet impingement. Tests were conducted using a spark generating

bubble apparatus similar to that used by Naud~ and Ellis for obtaining

single cavities .

Bubbles with various perturbations were observed photograph ically

during collapse and rebound . The actual shape of the cavities conformed

to the theories for nonsymmetrical collapse. Remarkable photographs of

the collapse were taken showing the jet moving through the bubble. The

experimentation was carried a step further by photographing the collapse

of the torus and the subsequent rebound of the cavity .

It was observed that the damage to the boundary did not occur

along the axis of symmetry of the bubble , but along a ring about the

axis. The damage was in the form of an annular indentation in the

case of indium as the test material. When aluminum was used (a

slig h tly harder material), a r ing of small pits was observed .

An exp lana t ion  fo r  these  f ind ings  was t ha t , if the  j e t  mechanism

was predominant , a p it would be formed along the axis of symmetry .

Just the opposite was observed though , with the damage occurring away

t r u u n m  t h e  axis of symmetry . This was felt to be due to the final

collapse of the torus after the jet had already hit the surface. The

collapse and subsequent rebound sent out a pressure wave of high enough

intensity to  damage the surface.
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In the paper by Benjamin and Ellis (30), this theory is discounted .

They s t a te ,

In particular , it seems that the bubbles observed were in a
general way less vigorous than those in the previous
experiments , probably because the sparks produc ing them were
made by discharging a condenser at considerably lower voltage
and so had longer dura tion for  the same total expendi tur e of
energy .

There fore , the bubbles were not representative of natural cavitation

bubbles . On the other hand , Shutler and Mesler present their viewpoint

on the subject of the jet potential for damage.

We have seen here that the rebound bubble can account for the
size of the p it relative to the minimum base diameter of the
bubble. Neither the jet nor the indented top was visible in
the p ictures of Naud~~, so the estimated jet velocities may
certainly be open to ques tion , espec ially in the light of the
inconsistent correlation of v ’ ocity and damage severity .
The pressure pulse measured at minimum volume was apparently
assumed to be in the form of a pancake ra ther  than a torus .

Mechanical Mechanism of Damage: Closure

It has been observed that cavitation damage is a very selective

process (3) with very few of the bubbles in a cavitating system causing

damage. All three of the aforementioned theories of damage mechanism

will  only appl y if the  cavi ty  collapse is w i t h i n  a nar row region wi th

respect to the boundary . Only a small percentage of the cavities in

the flow then are within this narrow region . Thus , all of these

theories may have some merit. The mechanism most widely accep ted as

the main contributer to damage is that of the jet formation. It should

be emphasized that there is the possibility that , in some instances ,

t ime spherical or toriodal collapse modes may also be a significant

fm n’tor i n  cavitation damage . It has been suggested that both collapse
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modes can have a bearing on the fatigue failure of certain materials

(32).

Other Pro posed Mechani sms of Damage

Thermogalvanic Postulates. It has been postulated that electro—

chemical attacks associated with high temperatures may be responsible

for some cavitation erosion. The high temperatures may be generated in

either of two ways. First , by the compression of noncondensible gas

dur ing the collapse of a cav ity ,  or second , by the high rates of

stressing of the boundary associated with the collapse of a bubble near

the surface. Of these two , the latter is most widely accepted due to

at transfer problems to the boundary because of the high heat capacity

of water in the first case. Taylor and Quinney (33) also have stated

that 85% or more of the work during the deformation of a solid by the

slip process is converted into heat.

This local heating creates a temperature gradient and causes a

current flow in a conducting medium due to the thermoelectric effect.

Electrolytic corrosion may then occur . Krenn , Foltyn and Mechieba (34)

all have proposed tha t this mechanism may be present in some cavitating

systems.

Stress—Induced Galvanic Effects. Along the same line as the

thermogalvanic postulate is the possibility of stress—induced galvanic

effec ts. The localized deformation of a crystaline material increases

the emf . of the deformed crystals by altering their internal energy .

These local ized high stress points become points of  increased a t t a c k

by corr osive elements . This mechanism has been put forward by

Petr acchi (35).
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Protective Film Rupture. An oxide film forms on many materials as

a protection against corrosion. A rupture of this film causes a

localized corrosion attack at the point of rupture. It has been

suggested by Ffield , Mosher and O ’Neil (36) that the collapse of

cavitation bubbles adjacent to a surface can rupture this film and

cause the increased corrosion .



APPENDIX D

CALCULATION OF DAMAGE RATE FOR HIGH VELOCITY TESTS

As mentioned previously, an adjustment in the recorded pitting

density (pits/cm2) was made for the high velocity tests. This was

necessary because the accumulated damage during the velocity transition

per iod when the velocity was increasing could consitute a significant

percentage of the total damage. There was cavitation on the models

during the latter portion of the velocity transition period before

stable conditions were reached . The time for which a test model

sustained damage during the transition period was on the order of a

few seconds . For tests conducted at velocities greater than 44 rn/sec.

the steady state test duration was less than one minute. The minimum

steady state test duration was 5.0 seconds at the maximum test velocity

namely 59.3 rn/sec. Therefore , the accumulation of damage during the

transition period could make up significant percentage of the total

damage for these tests.

The procedure for correcting the pitting density consisted of the

following four steps:

1. The tunnel velocity was plotted as a function of time for

the velocity transition period .

2. Estimations of the damage rates for the given transient

veloci t ies  f rom Step I were made .

3. The percentage of pits f ormed during the transi tion per iod

was then calculated .
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4. The percentage of pits formed during the transition period

was then subtracted from the measured pitting density for a

test model. This gave the corrected pitting density for

those pits formed dur ing steady state conditions .

Details concerning these four basic steps are given in the following

sec t ions .

Step 1

A movie was taken of a stopwatch and the dig i t a l  vo l tme te r  d isp lay

of the tunnel pressures for the two highest velocity ranges. One mov ie

was taken for a test velocity of approximately 50 rn/ sec and the second

at 59 rn/sec . From each movie , a p lot was obtained of tunnel velocity

during the transition period as a function of time . This was obtained

from the film of the tunnel pressure readings shown on the voltmeter

display . The plot for a test velocity of 59 rn/sec is shown in Figure

59 together with sample calculations for the damage rate correction.

Step 2

For each velocity in the transition period , there is a corre-

sponding damage rate. The damage rate also depends upon the length

of the cavity. I)uring the velocity transition period , the tunnel

pressure was held constant . As the velocity increased , a cavity grew

on the model until the desired cavity length was reached at stable

conditions. As shown previously in this investigation , the damage rate

decreases substantially for cavities shorter than a dimensionless cavity

l ength (L/D) of 2.0. The time increment from the point where L/D was

2.0 until stable conditions were reached was recorded . This is the

time during the transit ic u n period in which a significant amount of

c a vi t a t i o n  p i t t i n g  occur red .
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The velocity transition period was divided into one—second time

intervals. An estimated damage rate for each time interval was

calculated from the velocity at the midpoint of each interval. The

rate was assumed constant for each time interval . The rates were

obta ined by extending the damage rate versus velocity curve obtained

in the course of the investigation. The time in which there is

significant damage is the number of one—second intervals in the

veloc i ty  t r ans i t i on  period when L/D�2 .O

Step 3

The percentage of pits formed during the transition period was

de te rmined  in this step . The number of p i ts per uni t  area in each

time interval is the damage rate multiplied by the time interval , i.e. ,

one second . The pitting density dur ing the transition period is the

sum for all intervals. The pitting dens ity for the steady state is

the e s t ima ted  s teady  s t a t e  damage ra te  mul t ip l ied  b y the test  d u r a t ion .

The total pitting density 
~~~ 

would be the sum of the pitting density

in the transition period 
~~~~ 

and the pitting density in the steady

state period (P~~ ). The fraction of ~he total pits formed during the

~TR
transition period is —. It must be mentioned again that these

pitting densities were obtained from estimated damage rates . The use

of these estimated values in correcting the pitting density fo r a

test model is as follows .

Step 4

~TR‘rh e ratio —p—— can be app lied in the calculation of the damage rate
T

for a test model. The ratio is multip lied by the recorded p itting

dens i ty of a model. This gives the number of pits per unit area

formed during the tr ;insition period . This number is subtracted from
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th e recorded p itting density. The result is the pitting density formed

during the steady state period for the tes.t model. This density is

divided by the stead y state test duration to determine the damage rate.

A similar procedure is followed for computing the corrected pitting

rate in the maximum damage zone (PRMD) and the total pitt ing rate

(TPR).

As stated previously, the estimated damage rates were obtained

from an extension of the damage rate versus velocity plot. If the

sixth power damage ra te  law did not hold for the high velocities , these

estimated damage rates would be in error . It was found that the

correc ted damage rate was- close to the estimated value . This shows

that the power law does hold for these higher velocities and that the

assumptions were correct.



APPENDIX E

THE HIGH SPEED PHOTOGRAPHIC SYSTEM

For the investigation of the cavity dynamics , a Redlake Hycam

camera was used together with an EG and G Type 501 high speed

stroboscope , Figure 60 . The Redlake Hycam camera is a 16 mm h igh

speed rotating prism camera capable of 11,000 full or 44,000 quarter

frames per second . The EG and G strobe unit produces high intensity

f lashes at ra tes  up to 6000 per second with a minimum flash duration

of 1.2 microseconds . The light output is a function of the strobe

capaci tor  setting . The guide factor for the FX—2 and FX—3 bulbs used

in this investigation is given by the following relationship :

D
s
A = /CPS M s/c , (25)

where

D5 
— the lamp—subject distance

A — the camera lens aperture

CPS — lamp output in candela — second s

M — r e f l e ct sr  f a c t o r

s — ASA of film

c — a constant (15 to 25 if D is in feet)

To increase the efficiency of the lighting for any particular

setup, two lamps and reflectors core proviued , a cylindrical reflector
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used with the FX—3 bulb and a parabolic reflector used with the FX—2.

The cy l indr ica l  r e f l e c t o r  has a r e f l e c t o r  f ac to r  M of 1.5 while the

r e f l e c t o r  factor for the parabolic varies from 32 for wide angle use

to 75 for narrow lighting angles.

There were two basic configurations utilized for this stud y ,

backl ight ing and reflected lighting , Fi gure 61. With backlighting , the

cy l indrical reflector was used . Although it has a “ery  low r e f l e c t o r

factor , which means It does not make most efficient use of the light ,

its long narrow shape conformed to that of the cavitation model and

provided an even illumination of the surface. Reflected ligh ting was

used for detailed close—ups of the cavity . The parabolic reflector

was used and adjusted for a narrow lighting angle to provide sufficient

illumination.

In cavity dynamics wh, re it is desired to measure the frequency

of pulsation , extreme detail of the flow was not required . The field

of view in this case was approximately 8 cm. A 28 mm Pentax lens with

a 2 mm extension tube provided the desired magrification while still

maintaining a relatively short light to camera distance (approximatel y

0.5 m). Since the Hycam has a C mount thread for the lens , a Pentax

to C mount adapter was uned. A backlighting technique was used and

w i t h  a s t robe  c p c c i t u u r  setting of 0.02 ~iF , the lens aperture was set

between f 5.8 and 8 (with 400 ASA film) .

Under normal operation , considerable film is wasted during the

period of cicceleration to constant film speed . To minimize this

problem the c c erue ’r ;m operation and the strobe were svnc iur e ~n i~~ed ~ 11

on l Y  the last 18.3 m of a 38.1 no roll would he ex pi-me d.

was brought up to SO(i(i f ram e s  p er  s ec o n d  c o m m  t i m e  L I  ~h t  -
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0.42 seconds. This would expose only the last half of the roll of film.

The film was then rethreaded front to back through the camera and

another sequence photographed . In this case , the other half of the

film was then exposed . Thus , nearly the entire length of film was

utilized , decreasing the film requirements by a factor of two.

In some sequences , it was desired to have a larger magnifica tion

for a closer look at the cycling process. A 50 mm Pentax lens with

a 5 mm extension prov ided the added magnifica tion while keeping the

proper light—to—camera distance (0.5 m). The field of view in these

sequences was about 4 cm. Backlighting was used with the same

capacitor setting , f stop, and camera—l ight run times as for the

prev ious sequences .

In four runs , reflec ted lighting was used with an even greater

magnif ication than the previous runs . A 55 mm Nikon lens with a Nikon

to Pentax adapter , a Pentax to C mount adapter and a 3 mm extension

ring was used in this case. The maximum field of view was about 2 cm.

The light—to—subjec t distance along with the camera—to—subject distanc e

was about 0.25 m. The parabolic reflector ad justed for a narrow

ligh t ing angle was used for these sequences. The camera aperture was

set at f 8 to provide a suitable depth of field and sufficient exposure

was attained by the use of 3200 ASA film and a strobe capacitor setting

of 0.02 pF.

Two types of film were used in the high speed photographic study .

Th~ first was Kodak 2479 RAR film with an ASA of 400. This is a

med ium—fine grain film with high speed and was used for all backlighting

shots. For reflected lighting, Kodak 2484 Pan Film Estar AR Base with
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an ASA of 3200 (when developed in Kodak D—l9 developed at 35° C for

1 minute) was used .

The film was processed at the Garfield Thomas Water Tunnel with

a Fairchild Minirap id 16 mm film processor. Although the quality of

development was not as good as could be expected if processed

commerc ially, the convenience more than compensated for this. A

sequence could be shot , developed , and any changes made in the

photographic setup in less than one hour .

A process for developing the two types of film in the Fairchild

processor was conceived . Kodak D—l9 developer at approximately 350 c

with a developing speed of about 0.3 rn/sec in the processor produced

the best results. Kodak ’s Rapid Fixer and Hypo Cleaning Agent were

used in the next two baths, respectively , with a one—minute water wash

before drying. Th2 2484 film had a tendency to fog dur ing the

development. After development , the film was viewed and analyzed with

the help of a Vanguard Motion Analyzer with a 16 mm head .



APPENDIX F

CORROSION OF ALUMINUM

Pure aluminum is quite corrosion resistant due to ~ thin but strong

oxide layer. When corrosion does occur , it is usually in the form of a

pitting of the surface. The pitt ing corrosion occurs when there is a

local breakdown of the protective oxide film , with the attack proceeding

locally and at accelerated rates.

According to the oxide film theory , the corrosion of aluminum occurs

as follows . Chloride ions penetrate the oxide film through local defects

causing a breakdown of passivity . Small anodic regions are formed

surrounded by large areas of more passive metal creating a galvanic cell.

Oxygen is reduced in these passive areas while the products of corrosion ,

usually hydroxides , are formed at the anode with a passage of current

between the two areas . These corrosion products are then usually

prec ipitated out of solution and deposited on the surface. Pit growth

continues at accelerated rates at the anodic region while the surround ing

area is protected by cathodic protection. The more dense crystallo-

graph ic planes are more resistant to the corrosion . This results in a

pattern of corrosion which makes visual the cubic structure of the

aluminum. For corrosion to occur , copper , chloride ions, oxygen and

calcium bicarbonate must all be present in various amounts.

The rate of attack can be affected by many means . The relative

areas of the anodic and cathodic regions can affect the corrosion . If

the area of the cathode is very large, oxygen reduction will be greater ,

causing a greater current flow and increased attack at the anode.

_______________ —~ .- -———-—....-— ----————-—--———-— - ———- .-—- .— -  ..—~~~~——- ---— ~~--- 
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4
Contact of the aluminum with a more noble metal can also increase the

attack .

The breakdown of the oxide film can be caused by many factors.

One of these is the purity of the aluminum . Resistance is reduced when

aluminum is in comb ination with more electropositive metals such as

iron and copper (this is the case for 1100 aluminum). These metals

disrupt the oxide layer and cause increased attack in the surrounding

areas. The pH of the surrounding fluid also affects the corrosion

rate. The oxide film of aluminum is usually stable in the range of a

pH from 4.5 to 8.5. Outside of this range, the film can be destroyed

and attack can proceed easily . The oxide layer may also be disrupted

by mechanical means such as cavitation bubble collapse. Cavitation can

also initiate corrosion in another way . After a cavitation bubble

causes an indentation in the surface , the metal in that area is

stressed . These stressed areas are anodic to the surrounding area

stimulating attack. Although there is thought to be a strong inter-.

action between the corrosion of some metals and cavitation , the exact

mechanism of the attack is not known for certain .

I

_ _
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TABLE I

TEST DATA FOR PHASE I MODELS

Model Velocity LID Test Damage Rate Overall Damage
(m/sec) Duration Max. Dama~e Zone Rate on Model

(mm ) (pits/cm2/sec) (p itslcm2/sec)

1 21.3 2.0 30 5.29 2.67

2 21.3 1.2 60

3 21.3 2.0 30

4 21.3 2.0 60

5 21.3 2.0 15 5.22

6 18.3 2.0 30

7 19.8 1.0 45

8 18.3 2.6 30

__________________ — —, --.-——
—
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TABLE IV

PIT DIAMETERS , DEPTHS , DIAMETER—TO—DEPTH RATIOS , AND
VOLUMES FOR A VELOCITY OF 30.1 rn/sec AND L/D=3

(MODEL 38)

Diameter Degth Diameter/Depth Volume Lighting*
(mm ) XlO~~ (mm ) X1O’6 (mm3) Ang le

(rad ians)

0.08 2.8 28.9 7.0 0.14
0.03 1.8 17.0 0.6 0.23
0.02 0.85 23.4 0.1 017
0.06 2.0 29.6 2.9 0.13
0.025 1.4 17.8 0.3 0.22
0.02 1.3 15.6 0.2 0.25
0.02 1.3 15.6 0.2 0.25
0.03 1.3 23.1 0.5 017
0.05 2.5 20.3 2.4 0.20
0.03 1.2 25.1 0.4 0.16
0.05 2.6 19.3 2.6 0.21
0.03 1.7 17.3 0.6 0.23
0.02 1.8 11.1 0.3 0.35
0.02 1.8 10.9 0.3 0.36
0.04 2.9 13.8 1.8 0.29
0.09 6.3 14.3 20.2 0.28
0.03 2.0 15.2 0.7 0.26
0.03 2.0 15.2 0.7 0.26
0.08 3.3 24.3 8.3 0.16
0.03 1.3 23.4 0.5 0.18
0.02 1.0 19.9 0.2 0.20
0.04 2.7 15.1 1.7 0.26
0.03 2.1 14.3 0.7 0.28
0.03 1.4 21.5 0.5 0.19
0.08 3.0 27.1 7.4 0.15
0.09 3 3  27.1 10.6 0.15
0.02 1.3 15.4 0.2 0.26
0.02 1.4 13.9 0.2 0.29
0.04 2.0 19.7 1.3 0.20
0.035 2.7 12.8 1.3 0.31
0.02 1.3 15.8 0.2 0.25
0.02 1.2 16.9 0.2 0.24
0.11 5.9 18.7 28.0 0.21
0.04 2.4 1 6b 1.5 0.24
0.04 1.5 27.0 0.9 0.15
0.03 1.3 23.2 0.5 0.17

*The li ghting angle was used in the calculation of the pit volumes
(Section 2.8).

_ _  -- — --
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TABLE IV (CONT .)

Diameter Depth Diameter/Depth Volume
3 

Lighting *
(mm ) Xl0~~~(mm ) X 10”6 (mm ) Angle

( r a d i a n s )

0 .02 1.2 16.4 0 .2  0 . 2 4
0.05 2 . 3  21.5 2 . 3  0.19
0.08 6 .6  12. 1 16.8 0 3 3
0 0 3  1.6 18. 4 0 .6  0 . 2 2
0.06 2 . 3  25 .8  3 .3  0.15
0.05 2 .4  21. 1 2 . 3  0.19
0.04 2.1 19. 0 1.3 0.21
0 025 1.9 13. 4 0 .5  0 3 0
0.04 1.9 21.5 1.2 0.19
0.03 L5  20. 0 0 .5  0 .20
0 0 6  2 3  25J3 3.3 0.15
0.03 1.8 16. 8 0 .6  0 .2 4
0.07 2 .8  24 . 7 5 5  0.16
0 0 2  1.0 19.7 0 .2  0 .20
0.06 4 .0  l 5 1  5 6  0 . 2 6
0.05 3.6 13. 7 3.6 0 2 9
0.04 1.8 2 2 . 3  1.1 0.18
0 .03 1.2 24 . 7 0 .4 0 1 6
0.05 2.8 1 7 6  2 . 8  0 . 2 3
0.02 1.0 20.0 0.2 0.20
0 0 6  4 . 5  13 4  6 .4 0.30
0.03 1.4 20.7 0.5 0.19
0.04 2 . 6  15.1 1.7 0 .26

Average Diameter - 0.04 mm , Maximum Diameter — 0.11 mm ,
Min imum Diameter — 0.01 mm

Average Depth - 2.2 x lO~~ mm , Maximum Depth 
- 6.6 x mm ,

Minimum Depth — 8.5 x io”~ mm

Average Diameter/Depth — 19.0, Maximum Diameter/Depth — 29.6,
Min imum Diameter/Depth — 10.9

—6 3 — 5 3Average Volume — 2 8  x 10 mm , Maximum Volume — 2.8  x 10 mm
Minimum Volume — 1.3 x io~ mm

*The lighting angle was used in the calculation of the pit volumes
(Section 2.8).
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TABLE V

PIT DIAMETERS , DEPTH S , DIAMETER—TO—DEPTH RATIOS , AND
VOLUME S FOR A VELOCITY OF 38 rn/sec AND L/D=3

(MODEL 37)

Diameter Depth Diameter/Depth Volume Lighting
(mm) X1O”-~(mm ) XlO”6(rnm 3) Angle

( rad ians)

0.05 7.1 7 . 0  7 . 2  0 .55
0.07 5 .3  13.3 10.2 0.30
0.05 3.3 15.0 3 .3  0 2 7
0 .07 8.3 8 .5  16.2 0 .46
0 0 6  5 .6  10.8 8.0 0 .37
0.03 1.7 17.7 0.6 0.22
0.05 6 . 5  7 . 7  6 . 5  0.51
0.04 2 . 7  14 .6 1.7 0 .27
0.03 4 . 9  6.1 1.8 0.63
0.05 2 . 4  20.5  2 . 4  0.19
0.03 4 . 7  6 .4  1.7 0.60
0.02 3.0 6.7 0.5 0.58
0 0 4  6 . 7  6.0 4 3  0 .64
0.07 6 . 5  10.8 12.7 0 .37
0 0 4  3 .4  11.8 2 .1  0 .33
0.05 6.9 7 . 3  6 .9  0 .53
0 0 3  1.7 17.6 0 .6  0 . 2 3
0.04 3 .3  12.1 2 .1  0 .33
0.10 9 . 3  1 0 8  36 .7  0 .37
0 O 2  2 . 7  7 . 4  0 .4  0 .53
0.05 5.1 9 .8  5.1 0 4 0
0 0 6  8.0 7 . 5  11.6 0 .52
0.02 1.7 12.0 0 .3  0 .33
0.13 8 .7  14.9 58.3 0 . 2 7
0.10 10.3 9 7  41.1 0.41
0.07  8 .7  8.0 17 .2  0 . 4 9
0.05 4.1 12.2 4 .1  0.33
0.02 1.2 17.0 0 .2  0 . 2 3
0.04 4 . 7  8 .5  3.0 0 .46
003 4 7  6.4 1.7 0.60
0.09 11.2 8.0 36.4 0 .49
0 .07  7 .8  9.0 15.3 0 .44
003 1.8 16.4 0.7 0.24
0.06 7 . 2  8 .3  10.4 0 .47
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TABLE V (CONT .)

Diameter Depth Diameter/Depth Volume Lighting
(mm) Xl0’~~(mn’.) X1O” 6(mxn3) Angle

(radians )

0.05 8.0 63 8.1 0 .62
0.02 1.2 16.1 0 .2  0 .25
0.04 5.4 7 . 4  3.5 0 .53

Average Diameter — 0.05 mm , Maximum Diameter — 0.13 mm ,
Minimum Diameter — 0.02 mm

Average Depth — 5.3 x lO~~ mm , Maximum Depth — 1.1 x 10
2 mm ,

Minimum Diameter - 1.2 x

Average Diameter/Depth — 10.7, Maximum Diameter/Depth — 20.4,
Minimum Diameter/Depth - 6.0

—6 3 — 5 3Average Volume — 9.3 x 10 mm , Maximum Volume - 5.8 x 10 mm
Minimum Volume — 2 0  x 10”~ mm3
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TABLE VI

P I T  OIAME TERS , DEPTHS , DIAMETER—TO—DEPTH RATIOS , AND
\ O I . l MES FOR A VELOCITY OF 4 9 . 3  ~~~~~ AND L/D=3

(MODEL 41)

Diameter De~ th Diameter/Depth Vo~ ume Light ing
(mm ) X lO ”

~’(mm ) X 10~ (mm 3) Angle
(rad ians)

0.10 14.3 7 .0  5 7 . 7  0.56
0.10 5 .7  17.6 2 2 . 3  0 . 2 3
0.08 7 .5  10.6 19.1 0.37
0.05 2.8 17.7 2.8 0.22
0.05 5.4 9 . 2  5.4 0.43
0.05 4 .8  10.5 4 .7  0.38
0.08 6 1  13.1 15.5 0.30
0.10 13.6 7 .4  54 .6 0.53
0.05 4.6 10.8 4.6 0.37
0.05 5.5 9.1 5.5 0.43
0.02 1.7 12.1 0.3 0.33
0.07 3 .7  19.0 7.1 0.21
0.07 4 .6  15.4 8.8 0 .26
0.07 6.3 11.1 12.2 0.36
0.13 18.2 7.1 124.0 0.55
0.22 28.5 7.7 554.0 0.51
0.04 3.2 12.5 2.0 0.32
0.08 9.0 8.9 23.0 0.44
0.12 13.5 8.9 7 7 . 5  0 .44
0.05 6 .6  7 .5 6 .7  0 .52
0.05 2.2 22.4 2.2 0.18
0.05 4 . 2  11.9 4 . 2  0.33
0.07 4 . 9  14 .3 9 .5  0 .28
0.12 8.5 14.1 48.4 0.28
0.05 3.5 14.5 3.4 0 . 2 7
0.04 3.5 11.5 2 . 2  0.34
0.07 5.9 12.0 11.4 0.33
0.06 6.0 10.1 8.5 0.39
0.11 17.7 6.2 86.6 0.62
0.08 12.8 6.2 33.3 0.62
3.05 2.7 18.7 2.6 0.21
.1 ,06 3.2 18.7 4.6 0.21
0.04 2.5 16.0 1.6 0.25
0.06 6.2 9.7 8.9 0.41
0.05 4.6 11.0 4.5 0.36

I ’
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TABLE VI (CONT.)

Diameter Degth Diameter/Depth Volume
3 

Light ing
(mm) X1O~~ (mrn) X10” 6(mm ) Angle

(radians)

0.09 11.4 7.9 36.9 0.49
0.15 12.4 12.1 110.4 0.33
0.06 5.6 10.6 8.1 0 .37

Average Diameter — 0.07 mm , Maximum Diameter — 0.22 mm ,
Minimum Diameter - 0.02 mm

Average Depth — 7 . 4  x l0 ”
~~ mm , Maximum Depth — 2 . 8  x 10

2
,

Minimum Depth — 1.7 x l0”~

Average Diame ter/ Dep th — 11,9 , Maximum Diamete r /Depth  — 2 2 . 4,
Minimum Diameter/Depth — 6.2

—5 3 —4 3
Average Volume — 3.7 x 10 mm , Maximum Volume — ~~ 5 x 10 mm

Minimum Volume — 2.6 x l0’~ mm3
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TABLE VII

CAVITY CYCLE FREQUENCY DATA

Film Velocity L/D Time Of Cycle Strouhal
Number (m/sec) Cycle Frequency Number

X1O”3 (sec) 
—

13 p 23 .0  3.6 5.82 171.9 0.0478 0.384

13 p 23. 0 5.1  0 ,337

14 p 23.0 4 • 9   0 ,342

14 p 23.0 3.6 5.15 194.3 0.0536 0.386

15 p 18.8 4 .0  8.49 117.8 0.0397 0.370

15 p 30.5 4.8 6.54 152.9 0.0318 0.345

16 p 23.0 1.9 2.25 444.2 0.1224 0.490

16 p 23.0 4.6 8.39 119.2 0.0328 0.349

17 p 23.0 2 ,0  2.3 1 433 3 0.1194 0.481

17 p 15.1 4.1 10.40 96.9 0.0407 0.365

18 p 30.5 3.8 4.88 205.0 0.0427 0.376

18 p 15.1 3.8 8.20 122.1 0.0513 0.377
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I i  giire 2 — Photograph of the 3.8 cm Ultra—H igh—Speed
C . iv i t a t i o n  Tunnel
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Figure  3 — Photograph of the Plex iglass Test Section for
the  3.8 cm Cav i t a t ion  Tunnel w i t h  the Pho tographic
Test Box Used for  Hi gh Speed Photography of Cav i ty
Dynamics
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Figure 4 — Description of the Cavitation Damage Test Models
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Figure 8 — Schematic Arrangement of Apparatus Used for Pit

Volume Measurements
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Figur i ’  21 — Photograp h of Cavity Collapse Away from the
Model Surface for a Short Cavity Length (0,635
cm Diameter V~L - r o — L t l i h 1 r Ogive , 3 sec Flash
Duration, and V~~ 23 m/sec)
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EXPANSION OF THE LOW END OF THE DISTRIBUTION

Fi gure  29 — Distribut1L -~ ot Pit Volumes tcr a Velocity of
30.1 rn/sec and a Dimensionless Cavity Length
of 3.0 (Air Content — 10 ppm)
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Figure 30 — Distribution of Pit Volumes for a Velocity of
38 misec and a Dimensionless Cavity Length of
3.0 (Air Content — 10 ppm)
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Figure 31 — Distribution of Pit Volumes for a Veloc ity of
49.3 rn/sec and a Dimensionless Cavity Length
of 3.0 (Air Conten’ - 10 ppm)
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Figure 33 — Effect of Air Content on the Damage Rate in
the Maximum Damage Zone
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F i g u r e  41 — Photomicrograp h of the Approximate Pitting
Density that Provides a Sufficient Sample
f o r  An alysis Without the Pits Overlapp ing
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Figure 42 — Distribution of Pit Diameters for a Velocity of
30.1 rn/sec and a Dimensionless Cavity Length of
3.0
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Figure 43 — Distribution of Pit Diameters for a Velocity of
38 rn/sec and a Dimens ionless Cav ity Length of
3.0
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F I 1 ~L I r O  45 — SCM M i c r o g r a p h  of a Deep In d e n t a t i o n  C a u s e d  by
C a v i t a t i o n  and t h e  Machin e  Tool Marks  Showing
~~o M a t e r I a l  Removal  I rom t h e  S u n  arc  (Model  46 ,
V =5U m/ sec , L/D ~ 4 , A i r  C o n t e n t  — 8 .5  ppm)
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Fi g u r e 47 — I’hotograp h of an Ove-nall View of Spotting

Corrosion of a list Mode-i (0 635 cm Diameter
Zo r it— C ali he r Og1vt , M o d o h  20, V =23 m/soc ,
L / D 3 , Al r (t t l i t  c-n t — 2 1) ppm , and a 60—Minut e
1.-st D u r a t i o n )
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F i g u r e  51 — 0 12-I M i c r o g r a p li of t h e  Co r ro s ion  A t t o k  Along
t h e- Lith i i  Strito t tire- of Aluminum ( M o d e l  37 ,
V =38 m/s e c , 1 /1 1= 3 , A ir Content — 0 . 5  ppm
and a t — M  i nute~ It ’s t h)urat ion
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Fi guri- 53 — 012- 1 Micrograp h u I  Lor res  ion Damage ~i t t luc
C a v i  I V Re I e- r e-nce Mark (Mode I - ‘a , \‘ SQ r n / s i - c

L / D ~ /+ , A l  r Content — 8. 5 ppm , and i 5 b — O c i -ond
‘I c - s t  D u r a t i o n )
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CORRECTION OF TH[ PITTING DENSITY FOR A VELOCITY OF 593  rn/sec
AN D LID - 3 (MODEL 83)

AVERAGE ESTIMATED LENGTH OF P I T T I N G
VELOCITY DAMAGE RATE INTERVAL D E N S I T Y

INTERVAL (rn/sec t (PITS/ sq cm/ sec ) (sec t (PITS/sq cm)

I 57. 9 240 1.0 240

Ii 58.55 257 1.0 257
III 59.1 270 1.0 270

STEADY 59.3 280 5.0 1400
STATE TOTAL: 2167

PITTING D E N S I T Y  FROM T R A N S I T I O N _ INTERVALS 761 0. 354TOTAL PITTING DENSITY 2167
35 4% OF THE P ITS WERE FORMED IN THE TRANSITION PERIOD
FOR THESE TEST CONDITION S

Figure 59 — Tunnel Velocity as a Function of Time for the
Velocity Transition Period — with Sample
Calculations for the Correction of the Pitting
Density for High Velocity lests (59.3 rn/sec
Tes t )
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usually under 0.1 ~~~~‘ in diameter with the majority less than 0.05 turn across.
Durir.~ the fornation of these pits, it appears that no material was removed
from :he surface. Using the pure annealed aluminum test probe, a sufficient
damage sample could be generated in a relatively short period of tine.

It was observed that the velocity had a marked effect upon the rate of
da age ~:oductioa. For a range of velocities from 14.9 to 59.3 In/sec ,
the dnnage and pitting rates increased by approximately the sixth power of
velocity . This result is in agreement with the observations of R. T. Knapp
which were first reported in 1955. The velocity also affected the sizes of
the individual danage pits. The average volume of the pits increased by
the fifth power of velocity. Since the volume of each pit is a measure of
the energy required to form the pit, the average collapse energy absorbed
increases by the fifth power of velocity. A relationship between the pit
volume and the absorbed collapse energy was obtained by performing a dynamic
hardness test on the model material. If the pitting rate increases by the
sixth power of velocity, and the average collapse energy absorbed per pit
increases by the fifth power, then the ra te of total damage energy absorbed
by the model increases by the eleventh power. A plot of the distribution
of absorbed coUapse energies was also generated for three flow conditions.

It was observed that the cavity length and air content also affected
the damage rates. There was almost no damage to the models for ‘very short
cavity lengths. The damage rate increased with cavity length, reached
a peak , and then slowly decreased for longer cavities. This tendency has
been observed by other investigators. For a doubling of the air content
frcrn 10 to 20 ppm , the rate of damage production was reduced by nearly
f i f t y  percent.

From high-speed movies of the cavity behavior, it was observed that
the cavity regularly breaks off from the model surface. This is due to a
reentrant jet moving through the cavity and striking the cavity leading edge.
On many of the models, pitting was observed near the leading edge. It is
felt that this could be a result of the reentrant jet behavior. When the
jet strikes the cav!ty wall, it creates a short—tertñ pressure rise, causing
local cavitation bubbles to collapse. If the collapsing bubbles are near
the model surface, damage to the model could occur.

The effect of cavitation upon the rate of corrosion of aluminum
was not fully explored. General observa tions showed a strong relationship
between the cavitation and corrosion, with cavitation tending to increase
the corrosion rate. For observations of the corrosion damage and cavitation
pittIng, the scanning electron microscope proved to be a most useful tool.
Clear views of the damage were obtained with the large depth of field
possible at high nagmifications.

In general , the results of this investigation compared favorably with the
results of other investigations, The sixth power damage rate law and the
actual damage rates involved showed good agreement with three other investiga-
tions. The interesting feature of this comparison Is the fact that even though
the size and shape of the models used in each of the four investigations were
significantly different , the observed damage rates were approximately equal
at the same velocity.
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